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Abstract 
 
Micro Air Vehicles (MAV’s) typically fly at low altitudes to gather visual or sensory data when surveying 
around cities, sub-urban and urban environments. As such they are exposed to the Atmospheric 
Boundary Layer (ABL), a layer of turbulence generated by the presence of ground protruding objects 
mixing the flow to create high turbulence intensities and various scales of turbulent eddies. Due to the 
MAV’s relatively small scale and weight, turbulence significantly perturbs flight and can sometimes 
result in an uncontrollable platform. New methods of active stability are needed to allow a MAV to fly 
is a steady-level condition through highly turbulent flows. It is believed that birds have the ability to feel 
the ambient air to either actively correct or mitigate the effects of turbulence. Bringing the “feeling 
the turbulent air” concept to a MAV control system was inspired natures flyers. This thesis explored the 
viability of such a system and may offer an advantageous method of active turbulence mitigation.  
 
 A Micro Air Vehicle (MAV) was tested under two different turbulence flow conditions (Ti = 1.5% and 
7.2%) in the RMIT Industrial Wind Tunnel at a Reynolds number of 120,000. The quasi-smooth condition 
(Ti = 1.5%) resembled a zero wind speed, low-altitude flight condition while the high turbulence 
condition (Ti = 7.2%) resembled a windy flight scenario in a city canyon at a flight velocity of 8ms-1. 
Force balance measurements revealed insignificant change in aerodynamic coefficients and 
derivatives when tested in the two different turbulence conditions, a result not found in similar low 
Reynolds number tests involving flat plate airfoils. Furthermore, all aerodynamics, including those 
relevant to control, remained linear throughout aileron and elevator control-surface deflections and 
validates the use of linear control theory for MAV’s that are flown in turbulence. Force balance data 
also revealed increased wing performance when the MAV was exposed to turbulent flow and offered 
greater lift production at angles of attack where separated flow would normally occur. Unsteady 
pressures were also measured on a pressure tapped 3D NACA2313 wing in the two turbulence flow 
conditions. Turbulence improved the time-averaged wing performance by delaying stall on the high 
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turbulence flow condition and correlated to force balance results. Smoke flow visualization revealed 
an unsteady flow phenomena at angles of attack greater than 15 degrees with the shear layer 
undergoing unsteady shear layer separation and reattachment at random time intervals. The shear 
layer was also seen to roll up and form a vortical core, which also formed and burst at random 
intervals. Vortical core formations correlated with time varying pressure data and where identified 
using the broad suction peaks that formed near the wings leading edge before traversing across the 
wings chord. The vortical core flow was assumed to be a result of the vertical oncoming flow vector 
relative to the wings angle of attack. Vortical cores where also seen to occur at various span-wise 
locations across the span.  
 
Despite the unsteady nature of the pressure field, it was discovered that a single chord-wise pressure 
tap, at a specific chord-wise location, held correlations above 95% to the chord-wise integration of 
Pressure Coefficient (Cp) for angles of attack up to 15 degrees. Further studies revealed high 
coherence up to 25Hz and provided sufficient evidence to define the relationship, between local and 
integrated Cp, as proportionally linear to each other. This finding allowed for a single chord-wise 
pressure tap to be used to approximate the integrated cord-wise Cp at various span-wise locations 
with approximation error less than 6% for angles of attack up to 10 degrees with higher approximation 
error at higher angles of attack. The linear relationship between local and integrated Cp, per span-
wise segment, could also be defined through a low-turbulence flow condition (Ti = 1.5%), as the 
relationship between local and integrated Cp was similar to that found in the high turbulence 
condition (Ti = 7.2%). With pressure taps placed at the optimum chord location at various locations 
across the span, it was found that measured pressure can be used to approximate span-wise 
sectional lift and furthermore be resolved around the aircraft center line to measure a Turbulence 
Induced Rolling moment (TIR). It was determined that the TIR signal can be implemented into a control 
loop feedback system as a disturbance term to work in tandem with an IMU to form the basis of a 
MAV roll stabilization system. The system is theorized to be advantageous relative to other current 
stability systems as it directly measures the cause of a perturbation, in this case changes in pressure 
caused by turbulence, rather than correcting for the perturbation with an IMU system. The idea of 
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time-forward capture of changes in pressure due to turbulence may offer enough time-forward 
information to apply an equal and opposite control deflection to counteract turbulence before it 
significantly perturbs the aircraft.  
 vii 
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Chapter 1 
 Unmanned aerial vehicles 1
 
Throughout history, the design and development of aircraft has been influenced by how high or fast 
the aircraft could fly or how much weight they could carry. Although such aspirations have been 
around since the beginning of manned flight, new technologies have allowed for alternative 
developments, most notably removing the human pilot from a flying vehicle.  The birth of Unmanned 
Aerial Vehicles (UAV’s) and associated systems began in 1959 when US forces displayed concern 
about pilot casualties (Wagner, 2013). Development followed with UAV’s used secretly in the Vietnam 
War in aerial combat missions (Wagner, 2013). The 21st century displayed rapid development of 
various UAV’s and have become part of both modern warfare and civil mission scenarios (Nonami, 
2007). Growth in the UAV field yielded various mission-specific designs for both combat and 
surveillance purposes.   
 
UAV control systems have the ability to take off, loiter and land without the aid of a human pilot. The 
capabilities of such a platform have led to a variety of missions: removing a human to reduce pilot 
casualties, reduce human error and allow for more cost effective aerial platforms (Glade, 2000). The 
most common UAV mission is one requiring a UAV to loiter at high altitude, usually above 40,000ft, to 
allow for the acquisition of real-time video data. However recent times have seen accelerated 
development of combat mission capability. UAV systems have allowed for the “eye in the sky” 
surveillance capability, looking down at a target object with multi-platform integration to fixed and 
rotary wing vehicles further expanding mission capability.  
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The recent growth of Micro Electrical Mechanical Systems (MEMS) technology has spawned 
innovative designs of smaller and lighter unmanned vehicle systems, further expanding the capability 
of UAV’s. Such systems are called Micro Air Vehicles (MAV’s) and offer a small, lightweight and 
portable unmanned aerial platform for low altitude surveillance purposes.  Typically operational MAV’s 
have wingspans less than 1-meter, are either rotary or fixed wing configuration, and have the ability to 
fly into city, urban and forest terrains to acquire video or other sensory data (McMichael and Francis, 
1997). MAV’s are regarded as a low-cost surveillance tool, however due to various stability and control 
issues, their forecasted success in proposed missions is of concern (William R. Davis and Kosicki, 1996, 
Watkins et al., 2006).     
 
This introductory chapter provides an overview, including relevant literature on the capability of MAV 
platforms together with the challenges faced in their current and future missions.  
 
1.1 Micro Air Vehicles (MAV’s) and their application 
 
MAV’s, much like UAV’s, are either controlled by a remote pilot or an autonomous system. Current 
state of the art autopilot systems allow for user-defined inputs of waypoints, dictated by MAV 
objectives, leaving the autopilot system to predominately fly the MAV during a mission (Ruffier and 
Franceschini, 2004, Mohan and Sridharan, 2001, Chao et al., 2007). They are often considered 
disposable as the cost of each unit is relatively small compared to their larger and more expensive 
UAV counterparts such as the Predator, Global hawk and Guardian (McMichael and Francis, 1997).  
The primary MAV mission is to serve as a portable surveillance tool where ground personnel can 
assemble, deploy and fly a MAV into unknown terrain without the use of larger UAV systems(William R. 
Davis and Kosicki, 1996). This type of mission is regarded as “over the hill” and requires a MAV to be 
quickly deployed, arrive at the operator’s waypoint and loiter, hover or perch to acquire video data 
for a remote viewer.  
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Figure 1: " Over the hill" MAV mission (William R. Davis and Kosicki, 1996). 
 
The low-altitude flight envelope of MAV’s is advantageous in comparison to current UAV systems as it 
allows sensors to view objects in a quasi horizontal fashion. MAV’s at low altitudes have the capability 
of surveying buildings including under shelters and under other obstructions. Surveillance of this type is 
not possible with UAV systems using the eagle eye concept (figure 2).  
 
 
Figure 2: Field of view comparison between MAV and UAV systems (Rasmussen et al., 2006). 
 
MAV missions of this type require an acceptable degree of stability and control for mission success. 
The MAV must have sufficient endurance to travel, loiter and return. The MAV must also have a 
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sufficient level of stability and control created by either passive or active means (William R. Davis and 
Kosicki, 1996). Although operators may have the capability to fly the MAV remotely, it is advantageous 
to only allow for waypoint input leaving the majority of controlled flight to an autopilot system 
(McMichael and Francis, 1997). Flight perturbations must be dealt with by autonomous means, 
eliminating or greatly reducing the need for human flight control response to flight perturbations 
caused by turbulence (Watkins et al., 2006).  
 
The potential uses of MAV’s in military and civil sectors are many. In military use, MAV missions are 
primarily focused on surveillance while chemical tracking, natural disaster reconnalysis and aerial 
surveillance are among some of the many proposed roles within civil use. Many issues regarding MAV 
flight and its controllability have yet to be solved. The most common issue regarding MAV’s is the level 
of stability and control in different low altitude flight environments resulting in a violent and 
uncontrollable flight characteristic (Abdulrahim, 2004).  
 
1.2 Issues regarding MAV flight 
 
1.2.1 MAV flight behavior 
As MAV’s are designed to be small and lightweight aerial platforms, small disturbances from their low 
altitude flight environments significantly affect their stability and control in flight. Although larger UAV 
systems have shown sufficient tolerance to turbulence, MAV systems have shown the contrary with 
large perturbations under low turbulence conditions (Abdulrahim, 2004). Small gusts and disturbances 
allow for high energy transfer from fluid to aircraft resulting in high frequency perturbations and 
departures from the required steady level flight attitude (Abdulrahim et al., 2010). Such perturbations 
cause issues in sensor data acquisition, as they generally require a steady level platform for successful 
operation. Some data acquisition systems inherit digital stabilization processing, rectifying corrupt data 
from the unsteady platform, however these systems require a quasi-stable motion to operate 
effectively.  
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 The small size of MAV’s also limits aircraft endurance, as power sources are smaller and can only 
accommodate for flight times usually in minutes (Weibel, 2005), while larger UAV’s have the capability 
of high endurance times in hours or days. Current technological advances have provided smaller and 
more efficient electric motors coupled with high energy density batteries increasing MAV endurance. 
As such, electric propulsion systems have become the preferred propulsion technology for operational 
MAV systems.  
 
MAV’s commonly operate at significantly lower flight speeds relative to larger UAV’s, which results in 
low operational Reynolds numbers of various aircraft components (wings, propeller, rotors).  
 
 
Figure 3: Operation flight speeds of current UAV systems(Weibel, 2005) 
 
MAV’s generally operate at Reynolds numbers between 50,000 and 200,000. Research at low Reynolds 
numbers (Re < 200,000) is mainly focused on Laminar Separation Bubbles (LSBs), laminar boundary-
layer separation, flow hysteresis, boundary layers and aerodynamic lifting performance (Mueller and 
DeLaurier, 2003, Crompton and Barrett, 2000, Carmichael, 1981, Zifeng Yang, 2008). Although these 
research topics are relevant to MAV flight, all experiments were performed under very smooth flow 
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conditions (Ti << 0.5%) in aerodynamic tunnel facilities. As MAV’s fly within the Atmospheric Boundary 
Layer (ABL), they are exposed to turbulent flow significantly higher than that found in an aerodynamic 
wind tunnel facility. Turbulence effects on wing performance, LSB formations and hysteresis have 
recently been researched on flat plate wings and airfoils (Ravi et al., 2012b, Ravi et al., 2012a, Loxton 
et al., 2009, Watkins et al., 2006). Increased levels of freestream turbulence was observed to increase 
the lifting performance of a flat plate airfoil and wing by delaying stall. The lift coefficient derivative 
was shown to decrease with increasing levels of turbulence and also revealed non-linear trends 
between lift coefficient and Angle of Attack (AOA). Differences in aerodynamic behavior between 
flat plate airfoils and thick cambered wings are known due to significant geometric differences 
(Carmichael, 1981). It is unclear if the effect of turbulence on flat plate airfoils and wings can be 
applied to thick cambered airfoils.     
 
 
As the desired MAV mission is one of low altitude and low flight speeds through various terrains, stability 
and control, aerodynamic performance and endurance offer significant challenges in achieving the 
quasi-steady flight needed for mission success. As MAV’s are required to fly within cities (including 
suburban and urban terrain), they must be able to maneuver effectively without collision to acquire 
sensory data effectively. Although MAV’s can be fully operated by a human pilot, training is required 
to assist in the high frequency response needed for maneuverability (mostly between buildings and to 
hold steady level flight in turbulence) and quasi-steady level flight for sensory data acquisition. It is 
evident that a MAV autonomous system is needed to produce quasi-stable steady-level flight allowing 
for little or no assisted control by human operators.  
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1.2.2 Effects of the Atmospheric Boundary Layer (ABL) 
 
Unmanned systems operate at various altitudes depending on their purpose and proposed missions. 
MAV missions require flight close to the ground typically no more than a few hundred meters (see 
figure 4). At these low altitudes they are immersed in the lower part of the ABL. 
 
Figure 4: Maximum altitude to take off weight of current UAV systems (Units is lbs) (Weibel, 2005) 
The ABL (or planetary boundary layer) is the region of air influenced by frictional forces caused by 
objects protruding from the earth’s surface. The development and shape of the ABL varies with terrain 
and can extend hundreds of meters from the earth’s surface.  As flow traverses around buildings, trees 
and other protruding objects, the physical interaction between the flow and obstacles induce 
mechanical mixing creating turbulence. Flow mixing, from ground protruding objects, create high 
turbulence intensities and various scales of turbulent eddies.  
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Figure 5: The longest bubble in the world (Copyright Garry Norman) 
Turbulent eddies are regions of circulating flow. Figure 5 gives a visualization of turbulent eddies with 
rotating flow skewing the soap film bubble skin. As typical MAV wingspans are less than 1 meter, 
eddies formations similar to those shown in figure 5 can vary the AOA at different sections across a 
MAV span. As MAV scale reduces, the influences of turbulent eddies are significant and have been 
known to cause violent roll perturbations (Abdulrahim et al., 2010).  Flow data, relevant to MAV flight, 
was collected by Watkins et al (2006) using a series of Turbulent Flow Instrumentation (TFI) Cobra 
probes, collecting data 4 meters above the ground. The experiment was performed to develop a 
suitable database to understand the velocity vectors of flow in 3 orthogonal directions using 4 probes 
with various lateral spacing between 15mm and 150mm to mimic typical MAV wingspans between 
60mm and 600mm (Watkins et al., 2006). Turbulence intensity at this altitude was variable with 
maximum turbulence intensity of 30%. Integral length scale was measured up to tens of meters, 
depending on the type of environment the probes were exposed to.  
 
Rotation of flow 
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Figure 6: Pitch variation of 4 cobra probes over 0.1seconds with each line representing the pitch angle 
at each cobra probe (0.15m inter probe spacing)(Thompson et al., 2011b) 
A similar study, focusing on pitch angle per laterally spaced probe, was performed by resolving the 
velocity vector between the vertical and longitudinal components (Thompson et al., 2011a). The study 
uncovered significant pitch variation between the laterally separated cobra probe when exposed to 
the ABL. Figure 6 displays time varying flow pitch angle per laterally spaced cobra probe. At 21.61 
seconds, the two outboard cobra probes measured the greatest pitch variation of approximately 30 
degrees with smaller pitch variations measured by the inboard probes. Thompson also concluded that 
roll perturbation is significantly larger than other perturbed motions when MAV’s are flown in the ABL 
environment.  
 
Mapping of the ABL has been achieved by works in the area of wind engineering and meteorology. 
Measurements by Ghosal in 2005 confirmed a power law approximation up to 100m derived by Thuiller 
and Lappe in 1964 as shown in equation 1.1.  
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𝑈! =   𝑈!" !!" !                                                                    (1.1) 
 
Where Uz is the turbulence intensity, U10 is the mean wind speed at a height of 10 meters and alpha is 
the terrain roughness factor. Graphical representation of ABL profiles is shown in figure 7 featuring city, 
urban and flatland surfaces.  
 
 
Figure 7: Mean wind velocity profiles within city, urban and flatlands terrain (Thuillier and Lappe, 1964).  
MAV flight missions are mainly conducted within city and urban terrains, or terrains that offer similar 
ABL profiles as featured in figure 7. The frictional influences of objects on the earth’s surface lead to 
velocity reductions at low altitudes and increases turbulence intensity as altitude reduces. While 
turbulence intensity is an approximation of flow unsteadiness, length scale is used to quantify the size 
of the largest eddy. Turbulence intensities can be defined as:  
 𝑇! = !!!! = !!!! ,      𝑉! =    𝑢! + 𝑣! + 𝑤!                                    (1.2) 
 i can be u, v, w within the wind axis system 
 
Where 𝑇!  is the turbulence intensity along the longitudinal (wind) axis, 𝜎! is the standard deviation, 
and 𝑉!  is the mean velocity of the wind.  
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Surface roughness is known to significantly influence the turbulence intensity of a certain terrain similar 
to that found in the mean wind speed profiles in figure 7. Turbulence intensity, like mean wind speed, 
in known to be sensitive to altitude (Teunissen, 1980). The turbulence intensity profile is also known to 
change depending on the type of terrain modeled as shown in figure 8.  
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Figure 8: Turbulence intensity across the earth’s surface as a function of height (Teunissen, 1980) 
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Turbulence intensity is commonly calculated by dividing the standard deviation by the mean wind 
speed as shown within figure 8. The study gives an approximation of turbulence intensities across 3 
terrains of varying surface roughness. Although the study is relevant to MAV flight, it does not 
approximate the turbulence intensity experienced by a vehicle flying through similar terrains. The 
equation can be modified to relate turbulence intensity to vehicle flight speed as done by Loxton et al 
(2012).  
 
𝐽! = (!!)!!! ,      𝐽! = (!!)!!! ,        𝐽! = (!!)!!!                                                            (1.3) 
 
where J is the turbulence intensity relative to vehicle speed and u,	  v	  and w are the longitudinal, lateral 
and vertical components respectively. 
 
Turbulence intensity perceived by the flying vehicle changes with flight speed. At one end of the 
spectrum, increasing vehicle flight speed reduces the perceived turbulence intensity. The opposite 
case is one of a hovering vehicle (Vf	  =	  0) where the theoretical turbulence intensity approaches infinity. 
Turbulence intensity represented in equation 1.3 is not independent of wind speed. An increase in 
wind speed will increase the standard deviation in each orthogonal component u,	  v	  and w. Therefore 
a constant flight speed does not result in a constant perceived turbulence intensity. It remains variable 
with the constantly changing wind velocities of the ABL. 
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Figure 9: Perceived turbulence intensity as a function of vehicle velocity (Watkins et al., 2006) 
Experiments performed by Watkins et al (2006) display the effect of vehicle velocity on turbulence 
intensity when a series of cobra probes were flown through a suburban terrain (figure 9). For a MAV 
flying at a velocity of approximately 8ms-1, the perceived turbulence intensity would range between 7 
– 15% depicted by the upper and lower trendline boundaries of the data. Figure 9 also brings upon 
questions of aircraft scale and its effect on perceived turbulence intensity. As the scale of aircraft 
become smaller their flight speeds reduce as shown in figure 3. MAV’s commonly fly at speeds lower 
than 15ms-1 which makes them susceptible to higher perceived turbulence intensities relative to larger 
aircraft(Weibel, 2005). The scale and maximum flight speeds will continue to reduce, and serves as an 
important consideration in MAV design.  
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1.2.3 MAV response to turbulence 
 
Low altitude turbulence, and its effects on large aircraft, are well known and are easily corrected for 
by either human or autopilot control. As the scale and weight of an aircraft reduces, the effects of 
turbulence become more significant with larger multi-axis perturbations at greater frequencies 
(Watkins and Abdulrahim, 2008). Current MAV autopilot systems commonly use standard active 
stabilization methods with aircraft response measured by an Inertial Measurement Unit (IMU) (Chao et 
al., 2007). Research into advanced active stabilization, using IMU feedback systems, has shown 
progress in stabilizing MAV’s. MAV’s instrumented with advanced systems have been flown in various 
outdoor turbulent environments, however data revealed unacceptable repeatability due to the 
variation of wind direction, wind speed and turbulence properties that do not remain constant for 
long periods of time (Abdulrahim et al., 2004).  
 
Replication of atmospheric conditions in a wind tunnel proved superior to outdoor tests as turbulence 
intensity, length-scale and relative flow velocity could be controlled and repeated, however wind 
tunnel dimensions limit the maximum size of length scale of turbulent eddies (Millbank et al., 2005). 
Abdulrahim conducted wind tunnel experiments in a 12 x 4 x 50m wind tunnel under a turbulence 
intensity of 6.6% and length scale of 1.2 meters where a 1-meter wingspan MAV was flown in 2010. A 
micro DAQ unit acquired real-time data from an IMU sensor while the model was flown at a relative 
wind speed of 8ms-1. 
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Figure 10: Flight data measurements of 1-meter MAV while attempting to maintain steady level flight. 
Ju = 6.6%, Lxx = 1.2m(Abdulrahim et al., 2010) 
The MAV was remotely controlled with an off the shelf transmitter commonly used in radio controlled 
aircraft and was piloted by an experienced Radio Control (RC) pilot. The pilot attempted to hold 
steady-level flight within the wind tunnel test section under the replicated turbulent environment. 
Despite significant control inputs to hold the aircraft steady and level around the tunnel centerline, 
rapid and large flight perturbations were observed mainly in the roll and pitch axis of the 
MAV(Abdulrahim et al., 2010). Although the aircraft experienced perturbations in all axes, roll rate was 
higher than other axes with a maximum roll rate of 200deg/sec. Pilot remarks furthered insight on 
aircraft behavior. The flight of the MAV “rapidly depart from steady level flight while attempting to 
maintain steady level flight” (Abdulrahim, 2008). It was also noted that returning the MAV to steady 
level flight at around the tunnel centerline was “challenging” and commonly resulted in a tunnel wall 
collision.   
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Figure 11: Coherence study between control inputs and output response of 1-meter MAV flown in a 
replicated and outdoor turbulent environment(Abdulrahim et al., 2010). 
A coherence study between control inputs and MAV response identified the frequency response of 
the human flight control when attempting to hold steady level flight (Abdulrahim et al., 2010). The 
human pilot supplied control up to 4Hz, which proved to be the limit of human response to turbulent 
perturbations. Outdoor flight tests held a consistently high coherence up to 4Hz while the wind tunnel 
tests revealed a significant coherence drop at 2 Hz assumed to be due to the most common eddy 
formation produced by the wind tunnel.  
 
Human capability to achieve adequate steady level flight is limited to perturbation reaction times of 
4Hz (Abdulrahim et al., 2010). Although human control is sufficient to guide a MAV to a desired 
destination with low frequency control inputs, turbulent perturbations affect the MAV’s at higher 
frequencies and must be corrected for by either passive or active means.  
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1.3 Current MAV design and control systems 
1.3.1 A brief evolution of aircraft control 
 
The evolution of aircraft control was mainly governed by the development of systems used in manned 
aircraft. In the analog era, pull-pull and push-pull manual systems were the starting point for control 
surface actuation until the implementation of pneumatic and hydraulic systems to alleviate or reduce 
the amount of stick force required from the pilot. With the development of aircraft systems 
technology, the introduction of innovative control systems allowed active stability and electronic 
autopilots, reducing pilot workload and in some cases, removing the pilot from the control loop. The 
miniaturization of UAV control systems, using commercially available hardware taken from the Radio 
Control (RC) hobby industry, spawned cheap control systems suitable for MAV’s. As a result, control 
systems of this nature could be regarded as disposable due to the significant cost reduction. Current 
systems, catering for MAV application, are shown in table 1.  
 
 
Table 1: Comparison of physical specifications of some autopilot systems(Chao et al., 2007) 
 
Autopilot systems featured in table 1 are capable of full autonomous control with the use of a 
computer-based ground station. User defined inputs such as waypoints, altitude, speed and loiter 
position provide enough information for a full autonomous mission. Some autopilot systems allow for 
sensory data acquisition including video for surveillance missions. They have become cheap and 
accessible and can be applied to off-the-shelf RC aircraft. The featured autopilot systems also inherit 
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various levels of flight stabilization using similar control feedback topology used in larger aircraft. 
Autopilot systems like these have been used on various UAV systems, however their applications within 
MAV’s have limitations. Autopilots specifically catering for MAV systems are scarce, as systems are 
required to weigh less than those featured in table 1 and require advanced data acquisition, 
guidance and stabilization features used in larger UAV’s. Reduced aircraft scale coupled with lower 
flight speeds, introduces Reynolds number effects and may change many linear assumptions made 
about the aerodynamics of the aircraft. Although simple feedback and system gain allow for single 
loop control, large perturbations at high frequency are not sufficiently corrected (Abdulrahim et al., 
2001).  Most stabilization techniques assume small perturbation theory at small AOA’s. Future MAV 
missions require perch landings on objects protruding from the ground. This type of landing required a 
MAV to fly at significantly higher AOA’s on approach. Associated low Reynolds number flow 
mechanics within turbulent flow need to be known and applied to the stabilization system.  
 
Current control and stabilization systems do not specifically address MAV flight concerns. Issues 
regarding low Reynolds number flight and large turbulence perturbation at high frequency are mostly 
ignored under current autopilot topology. Although progress has been made in active and passive 
stabilization, MAV’s have not demonstrated acceptable levels of sustained steady level flight. 
 
1.3.2 Human pilot control  
As mentioned previously, human pilots have successfully flown RC aircraft of various sizes under the 
influence of the ABL with success, however human response to turbulence was assumed insufficient for 
sensory data acquisition(Jenkins et al., 2004). To understand the human capability of autonomous 
control a 1-meter wingspan MAV was flown within a 12 x 4 meter industrial wind tunnel (Abdulrahim et 
al., 2010). The aircraft tested was an off the shelf aerobatic aircraft made from EPP foam. The EPP 
foam allowed for a certain degree of collision resistance due to its flexible material properties. The 
aircraft was assumed to have neutral stability in all axes and was powered by an electric motor 
capable of 20 minutes of continuous flight. The aircraft had an approximate weight of 645g which 
included all onboard data acquisition systems.  
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Figure 12: Flight of a 1-meter wingspan MAV within a large wind tunnel(Abdulrahim et al., 2010) 
An onboard lightweight Data Acquisition (DAQ) unit was used to acquire data from an IMU sensor and 
control actuation from each actuation servo. Tests were performed under various tunnel 
configurations, including nominally smooth flow, however more relevant results were gathered when 
the tunnel was configured to replicate the turbulence within the ABL under a mean wind-speed of 
8ms-1. The pilot attempted to hold steady level flight under a turbulence intensity of 6.6% with an 
average orthogonal integral length scale of 1.2m. Frequencies between 0 and 4 Hz bounded the 
capability of human control response under all turbulence conditions. Flight was also attempted under 
a maximum turbulence intensity of 13%, however it produced uncontrollable flight characteristics and 
resulted in frequent collisions.  Reductions in aircraft span resulted in lower roll moment of inertia and 
high wing loadings that approached common design specifications of smaller MAV systems. Reducing 
wingspan resulted in a higher frequency response to turbulence and reduced levels of controllability.  
 
The human pilot was successful in maintaining controllable steady level flight within a simulated 
turbulent environment, however this was only sustained for short periods of time (Abdulrahim et al., 
2010). Even under the lower turbulence intensities (Ti = 6.6%), the aircraft would frequently depart from 
the steady condition resulting in increased pilot workload to return the MAV to the steady level flight 
scenario. It is believed that human pilot response does not permit enough high frequency response to 
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mitigate the effects of turbulence for holding steady level flight. The limitations of control response 
would logically be due to the typical sensory and reaction sequence as shown in figure 13.  
 
 
Figure 13: Human MAV control response to turbulence sequence 
When a perturbation is observed, the pilot processes this information and decides on appropriate 
action. This command is then sent to the pilot’s hands to implement a movement on the control sticks 
of the transmitter, from which control surface movements on the MAV follow.  
 
1.3.3 IMU systems 
IMU systems have been the primary input for most autopilot systems in current manned and 
unmanned craft. Most utilize a 6-degree of freedom sensor measuring accelerations and rotations 
around the aircraft axis system, feeding back into the autopilot system. Simple feedback gain loops 
are usually applied to an error method topology to return the aircraft into the desirable flight attitude. 
Typical IMU sensors are common and easily attainable with sufficient sensitivity and accuracy for use in 
autopilot systems. An example of a simple 6DOF IMU sensor features in figure 14. Such off the shelf 
sensors are capable of data acquisition rates of 33kHz with measured maximum gyration of 
2000deg/sec with selectable acceleration ranges.  
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  for	  7light	  correction	   Control	  surface	  movement	   Restorative	  forces	  and	  moments	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Figure 14: Sparkfun digital 6-DOF sensor 
Control systems using IMU’s sense aircraft dynamics brought about by pilot control or external forces 
such as turbulence. Accelerometers aligned to the aircrafts body axis systems measure acceleration 
aligned to the aircraft’s body axis system. Angular rates around each axis are measured through 
gyro’s. To approximate moments around each axis, roll rate must be integrated in real time to be used 
in control system topology. The integration from an angular rate to a moment introduces a time lag 
within the control system. For larger aircraft, the time lag of this process is not significant and is not 
considered in aircraft dynamics, however as aircrafts become smaller, aircraft frequency response 
increases. It is unclear whether the time lag associated with the angular rate to moment integration is 
significant when an IMU based system is used in a MAV. 
 
 
1.4 Alternative systems for turbulence alleviation – fixed wing flight 
 
1.4.1 Passive turbulence alleviation 
Passive methods of turbulence alleviation have been extensively researched. Design aspects such as 
dihedral, sweep, Center of Gravity (CG) location and aircraft configuration have all contributed to 
the positive stability of aircraft. Passive stabilization is prevalent on current surveillance UAV’s such as 
Global Hawk, Sender and Pathfinder, while combat UAV’s are designed to be either neutrally stable or 
unstable for desired levels of maneuverability. Passive stabilization designs are known to be effective 
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on larger aircraft and UAV systems, however as the weight and scale of an aircraft reduces, the 
effectiveness of passive stabilization reduces (McMichael and Francis, 1997). These issues have 
spawned new methods of passive stabilization such as gust resistant wing concepts and segmented 
trailing edges (Singh et al., 2006, Abdulrahim, 2003).  
 
 
1.4.1.1 Morphing wing technology 
 
Nature’s flying creatures (birds and insects) and how they alleviate or correct for turbulence, inspired 
an alternative perspective for aircraft design. Designs mimicking the structure of bird wings have 
inspired membrane like structures capable of deforming in a manner similar to that of birds. Such 
designs are known as wing morphing. Morphing wing technology has been of considerable interest in 
recent times inspired by the flight dynamics and turbulence alleviation of flying creatures. Simple wing 
morphing ideas were applied to existing UAV systems such as segmented ailerons for variable camber 
changes across the wing span (Abdulrahim, 2003). The morphing wing idea was also applied to 
flexible versions of common wing shapes to morph wing twist, camber, trail edge and sweep (Palmer, 
2009). 
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Figure 15: Wing morphing variables for implementation on MAV’s(Palmer et al., 2009) 
As the idea of morphing technology was mainly inspired by flying creatures, manufacture of 
membrane wings followed with light carbon fiber monocoque skeleton designs (Shyy et al., 1999, Ifju 
et al., 2001). The membrane structure allowed significant wing deformation through mechanical 
means and closely mimicked the way birds morph their wing in flight. Such changes are assumed to 
be consciously decided by a flying creature for a desired flight condition (Adrian et al., 2001).  
 
Knowledge in morphing wing technology and its aerodynamic effects is expanding through 
experimental and computational means (Shyy et al., 1999, Pendleton et al., 2000, Lian et al., 2003). 
Energy requirements for active wing morphing actuation is also being considered, as MAV power 
sources are limited in total energy output (Johnston et al., 2003). Morphing actuation using smart spars 
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(material actuation through electrical conduction), is also of interest (Amprikidis and Cooper, 2003). 
Most mechanisms have been heavy and cumbersome to test on flying MAV’s resulting in static wind 
tunnel tests rather than free flight within the environments they commonly fly in. Assessing the benefit 
of morphing wing technology, for MAV’s in turbulent flows, remains restricted and in most cases 
overlooked due to the availability of required testbeds (Abdulrahim et al., 2005). Investigating these 
effects through computational means has not shown promise due to the absence of a large 
disturbance flow model in common computational fluid dynamic software (Millbank et al., 2005). 
 
A recent study evaluated active wing morphing on a flying MAV to test aerodynamic and control 
impact (Abdulrahim et al., 2005). 
 
Figure 16: Wing twist morphing on 24" MAV with membrane wings (Abdulrahim et al., 2004) 
Figure 16 displays a 24” membrane wing MAV with the ability to actively apply wing tip morphing as 
an alternative to aileron control. Such biological mechanical devices are seen in various flying birds to 
apply roll control to their flight. The wing also inherits a degree of flexibility allowing for small deflections 
during flight. Flight tests of the featured MAV concluded controllability benefits in comparison to 
conventional aileron configuration. Roll control and roll rate was mentioned to be higher than 
conventional ailerons and provided superior control authority in roll, recovery from gust perturbation 
and spin maneuvers (Abdulrahim et al., 2004). Such observations concurred with research into wing 
flexibility and control effectiveness on larger aircraft, stating that the dynamic pressure on the leading 
edge increased while tailing edge dynamic pressure decreased when the wing was allowed to twist 
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with control surface actuation. The overall effectiveness of control surface improved with wing 
flexibility (Pendleton et al., 2000).  
 
From the literature it would appear that research in wing morphing and its advantages for MAV 
control and maneuverability are beneficial, as proposed MAV missions require flight in high turbulence 
environments, where large control input may be needed.  
 
1.4.1.2 Flexible wing design 
 
Energy dissipation through the aircraft structure was another passive concept in turbulence alleviation. 
The membrane wing design of Ifju et al (2002) allowed for increased levels of wing deformation with 
enough rigidity to support MAV weight and maintain general airfoil shape (figure 17).    
 
 
Figure 17: Flexible wing MAV with carbon fiber membrane skeleton (Ifju et al., 2002) 
 
The structure offers advantages over their rigid body counterparts such as durability and adaptive 
movement in flight. The structure inherits adaptive washout in turbulent flow environments and assists in 
reducing the effects of tip stall (Ifju et al., 2002). The design is also considered collision resistant allowing 
for significant structural deformation without damage. Low altitude outdoor experiments were 
conducted using an onboard video camera to visually evaluate the benefits of a flexible wing in 
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comparison to a rigid wing design of similar specification. The flight of the flexible wing MAV was 
regarded to have an “unusually smooth flying characteristic” (Ifju et al., 2002). This study suggested a 
significant reduction in roll perturbation, however the comparison between rigid wing and flexible 
wing platforms are speculative with no IMU data and tests performed in a turbulent environment. 
More recent research involved modeling of the flexible wing design with direct comparisons between 
experimental and computational results (Abate et al., 2009). The study mainly focused on the 
structural and dynamic modeling of a flexible wing with little reference to the passive stability benefit 
in highly turbulent flow.  
 
 
1.5 Biomimetics from birds and insects 
 
Although classical control methods have been used to produce a steady level flight characteristic 
within the turbulent ABL for large aircraft, flying creatures and their biomechanics in flight have inspired 
a significant portion of current research in the MAV field. Morphing and flexible wing designs are under 
development, however these designs only allow for static configuration changes rather than a 
dynamic and adaptive system constantly changing shape parameters in flight.  
 
Birds and insects have often been seen to fly in relatively windy conditions in cities and suburban 
terrain. They can control themselves adequately in complex flow structures and high turbulence 
intensities. They have shown various inflight capabilities such as stable hover (e.g. humming bird, 
bumblebee and dragonfly) while holding constant altitude and location, perch landing on city 
buildings, and soaring reminiscent of UAV loitering scenarios (Parson et al., 2011, Lehmann, 2004, 
Dhawan, 1991). MAV’s that have the ability to flap their wings mimicked the flight of flying creatures, 
however the cyclic mechanical motion of the wings required relatively large amounts of potential 
energy for acceptable endurance.  
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1.5.1 Birds and insect flight at low altitude 
  Birds and insects have shown complex flight capabilities within various environments and weather 
conditions. Flapping propulsion requires biological energy with metabolic rates up to 30 times higher 
than basal metabolic rates of grounded creatures (Bryant and Nudds, 2000). Creatures flying in a 
normal cruise scenario have been recorded to utilize specific mechanical power output between 60-
150WKg-1 while landing, and take off scenarios require specific power up to 400WKg-1 (Tobalske et al., 
2003, Dial et al., 1997). Such studies have revealed that power supply is crucial in mechanically 
reproducing a flapping craft and have included simplified flapping mechanics at up to 270Hz 
(Lehmann, 2004). Smaller insects have also shown flight capability exceeding the expectation from 
their small wing area. These include the dragonfly, bumblebee and hummingbird (Ellington, 1999).  
 
Various attempts have been made to mechanically replicate a flapping craft with some successful 
designs such as the Delfly and more recently, the Aerovironment Hummingbird (Croon et al., 2009, 
Hylton et al., 2012).  
 
 
Figure 18: The Delfy 1 (50cm span, 21g), Delfly 2 (28cm span, 16.07g) and Delfly micro (10cm span, 
3.07g)(Croon et al., 2009). 
The Delfy design uses flapping as the propulsive and lifting mechanism for its flight. This type of flapping 
is regarded as a “clapping” flap mechanism resulting in a steady state fuselage characteristic. 
Directional control is governed by either the crucifix tail configuration (Delfy 2) or inverted V-tail 
configuration (Delfly 1). The wing is allowed to passively pivot around the leading edge changing its 
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relative AOA for each half cycle of its periodic flapping motion. Such a design has shown good 
stability and control in smooth flow indoor areas. However, its flight time still remains relatively short. The 
Delfy 2 has also shown the ability to take off in a vertical motion with use of its flapping mechanism. 
Although flapping MAV’s have shown advantageous flight modes such as vertical take-off and 
landing and hover, issues regarding their control, endurance, aerodynamic characterization, and 
sensitivity to turbulence is still relatively unknown, as the majority of relevant research is performed 
under smooth flow conditions.  
 
When flying close to the ground, larger flying creatures such as seagulls and eagles have been seen 
to actively change their relative angle of attack on each wing and move their center of gravity by 
changing their wing shape to provide passive stabilization. It is assumed to be consciously decided 
depending on their flight environment (Dhawan, 1991). In high turbulence environments such as city 
canyons and suburban terrains, birds have been seen to fly between buildings and perch on various 
vertical surfaces while managing to control themselves adequately without collision and maintain a 
quasi-steady flight characteristic. Like inflight alterations in flight for increased passive stability, time-
varying and continuous active control is assumed to be heavily influenced by their decision making 
process similar to the human process of walking on uneven ground (Tobalske, 2007).  
 
If we assume an adaptive and learning nature, flying creatures must be capable of improving their 
flight behavior as the animal matures. Past studies have suggested that flying creatures have multiple 
biological sensing, involving sensing of feathers, wing bending as well as inertia measurement and 
visual awareness supplying the brain with information of their current flight environment (Carruthers et 
al., 2007). Although current flight control systems correct perturbations using various feedback from 
IMU or visual based sensors, other forms of sensing have not been researched.    
 
Sensing the ambient flow around a wing may offer an alternative method to supply information about 
the flow and how this may affect flight. 
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1.6 Summary of literature review and conclusions drawn 
 MAV’s typically have wingspans less than one meter and mass less than 1kg which results in increased 
sensitivity to turbulence.  The turbulence-induced perturbations are at much higher frequencies then 
larger civil and military aircraft, which leads to controllability issues. As MAV’s commonly fly within the 
ABL, they are exposed to high turbulence intensities formed by protruding ground objects interacting 
with the free stream flow. The effects of turbulence on aircraft aerodynamics have not been 
extensively researched. Some studies have concluded that turbulence influences aerodynamic 
derivatives and coefficients when a 2D flat plate airfoil was tested in low Reynolds number flow of 
different turbulence intensities, however the research does not expand into thick cambered wings or 
airfoils. Furthermore, it is unclear if the aerodynamics relating to stability and control are influenced in a 
similar manner and if this needs to be considered in control theory.   
 
MAV flight characteristics have been observed to have high angular rates with rapid departures from 
steady level flight. Currently fixed-wing MAV’s with passive and/or active stability systems have not 
successfully demonstrated sustained steady level flight in high turbulence environments. Experimental 
tests involving flexible and morphing wing mechanics have shown progress in passively damping 
perturbations, however sacrificing maneuverability and directional control. Rotary wing and flapping 
wing MAV’s have shown promise in reducing MAV sensitivity to turbulence, however endurance and 
range continues to be an issue with the high demand of energy for their associated mechanical 
systems. Flying creatures have demonstrated unique flying ability within various ABL conditions 
including relatively steady flight within cities and complex ground terrains. It has been hypothesized 
that natural flight, and associated biological systems, benefits from multi-sensor inputs with visual and 
feeling sensors simultaneously providing information to a flying creatures brain, permitting unconscious 
correction for the effects of turbulence. The idea of “feeling the air” and bringing this concept into the 
mechanical realm may offer an improved method of sensing oncoming turbulence and using this 
information as an input into an active control system. Sensing in this manner may also offer time-
forward information as the concept involves measurement of turbulence (the source of a 
perturbation) rather than sensing aircraft/MAV response (the output of a perturbation).   
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1.7 Research objectives  
Sensing pressure on a MAV wing is thus hypothesized to be a viable option in sensing turbulence. 
Mitigating the effects of turbulence, with the primary focus on roll control, could be done through 
active means by supplying span-wise pressure distribution to an autopilot system. Although the 
concept suggests surface pressure tapping of a MAV wing, the scale and weight constraints do not 
allow for large systems with a high number of pressure sensors. A significantly smaller and simpler 
system that has the ability of approximating dynamic span-wise pressure distribution may enable the 
“feeling the air” concept to give enhanced MAV roll control.  
 
The literature review highlights specific areas that offer new contributions relevant in addressing the 
stability and control issues of MAV flight. In particular the concept of “feeling the air” using pressure 
sensing on a MAV will be examined.  
 
The main objectives of this thesis are:  
 
1. To understand how turbulence influences the aerodynamic coefficient and derivatives on 
thick cambered wings. 
 
2. To analyze the flow structure of a thick cambered wing under high angles of attack in 
turbulent flow. 
 
3. To analyze the pressures around a wing to test the viability in using pressure as a control input. 
 
4. To evaluate whether the required aileron deflection to prevent a turbulence-induced roll can 
be estimated using the pressures sensed on a MAV wing. 
 
5. To characterize a simple control system for active turbulence mitigation based on sensing 
pressure.  
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1.8 Research scope 
 
The concept of “feeling the air,” will be evaluated by measuring and analyzing time-varying pressures 
acquired from a pressure-tapped MAV wing. Surface pressures will be measured at various chord-wise 
and span-wise locations across the MAV span to identify changes induced by varying turbulence 
intensities for an extended AOA range. Turbulence generation, within a wind tunnel, will be done 
through passive means using turbulence generating grids at the inlet of the tunnel test section. Due to 
the availability and cost effectiveness of “off the shelf” radio controlled aircraft, a small aerobatic 
aircraft will provide a suitable platform for the implementation of pressure taps and wind tunnel 
experiments.  Smoke flow visualizations will also be conducted to support findings. Data relevant to 
MAV aerodynamic coefficients and derivatives will be acquired by a 6 Degree of Freedom (DOF) 
force balance system.  
 
The analysis of surface pressures can be conducted through either computational or experimental 
means. As the main objectives of this thesis focuses around the effects of low altitude turbulence, 
outdoor experiments were considered, however turbulence intensity and length scale could not be 
controlled or repeated. Computational analysis, relevant to modeling turbulence inherent in the ABL, 
has made progress in recent times, but there is still considerable disagreement on the validity of CFD 
methods in replicating the detailed fine-scale structure of the ABL (Kim and Boysan, 1999, Zhai et al., 
2007). Additionally, the computational power required for ABL simulations (eg. Large eddy simulation) 
requires considerable resources to reduce the time needed for this type of analysis. Analyzing the 
effects of turbulence on a MAV is thus limited to experimental means in this thesis. By utilizing the RMIT 
Industrial Wind Tunnel, two different turbulence intensities will be generated through passive means to 
provide a suitable test bed for all experiments.  
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1.9 Thesis layout 
 
The individual sections of the thesis are described below: 
 
• Chapter 2 details the rationale and description of apparatus used throughout the 
experimental research including details of the MAV test subject.  
 
• Chapter 3 presents results from force balance experiments of the MAV under two different 
turbulence conditions, focusing on the changes in aerodynamic coefficients and derivatives. 
 
• Chapter 4 presents a statistical analysis of the acquired wing surface pressures under two 
turbulence conditions. 
 
• Chapter 5 presents the relationship between a single chord-wise pressure tap and its 
correlation to the integrated Cp of the chord-wise section.  
 
• Chapter 6 theorizes how a limited number of pressure taps can be used as an input to an 
autopilot system to actively mitigate the effects of turbulence.  
 
• Chapter 7 outlines the key conclusions from this work with discussion on its contribution within 
the MAV field of research.  
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Chapter 2 
 
 MAV model, control and data 2
acquisition systems  
 
 
2.1 MAV selection rationale 
A MAV was selected based on criteria satisfying broad MAV classifications. A suitable test aircraft 
would most likely have the following characteristics:  
 
1. Aircraft must be no greater than one meter in wingspan with combined weight less 
than 1Kg including all control and other measurement systems.  
 
2. The aircraft must be neutrally stable. Aircraft response due to turbulence must not be 
passively stabilized by airframe as the effects of turbulence are to be measured directly 
without passive stability influence. If active control systems are to be utilized, only these 
systems are allowed to aid in stability and control of the aircraft. 
 
3. An experienced human pilot must be able to adequately fly the aircraft in various flow 
conditions including flight scenarios of high turbulence intensity.    
 
Ph.D. Thesis   
Matthew Marino 35 
4. The aircraft is to fly no faster than 10ms-1 while maintaining suitable control by the 
remote pilot.  
 
The criteria suggested a small aerobatic aircraft capable of being controlled by a remote pilot. 
Fabrication of a new MAV platform was considered unnecessary as off-the-shelf RC aircraft provided 
a wide selection suitable for the needs of the project. The aircraft chosen was an electric powered 
aircraft made from EPP foam. The aircraft was a standard aerobatic configuration with large control 
surfaces. Figure 19 displays the RC model known as the “Flash 3D.” 
 
 
 
Figure 19: Flash EPP RC model used as the testing platform for research 
Although EPP foam is flexible in nature, carbon fiber spars were fitted throughout the airframe to 
increase overall rigidity in bending and torsion.  Outdoor flights and static wind-tunnel tests revealed 
slight airframe deformation significant enough to influence tests. Additional carbon fiber strips were 
added to the fuselage and wing to further strengthen the airframe to a satisfactory state. Multiple 
aircraft were purchased for various experiments where only parts of the aircraft were utilized for simple 
experiments (eg. smoke flow visualization). As the Flash aircraft was designed to be a fully aerobatic 
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aircraft, the model was assumed to hold no passive stabilization flight tendencies. This was checked 
with flight tests by: 
 
1. Banking the aircraft in roll and observing the stick free response. The MAV maintained the 
applied bank angle with no passive stabilization tendencies to either the steady level flight 
state or continue to roll in the direction of the applied roll in the stick free condition.  
2. Executing a steady state knife edge. This condition only required the input of rudder deflection 
with no obvious coupling tendencies.  
 
The flight tests demonstrated confidence in the aircraft’s neutral stability. The observation of the flight 
tests and general flight through aerobatic maneuvers proved that the aircraft was neutrally stable in 
all axes. As this research mainly deals with turbulence and its effects on roll, the aircraft was 
considered an adequate platform for this research. Tabulated aircraft specifications feature in table 2. 
 
 
Specification Parameter 
Wing span (m) 1.0 
Aspect ratio 4.7:1 
Average Chord (m) 0.21 
Wing taper ratio 1.2:1 
Wing Dihedral (degrees) 0 
Wing sweep angle  0 
Aircraft length (m) 1.2 
Airfoil NACA2313 
Table 2: Flash 3D aircraft specifications 
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2.1.1. Control systems 
2.1.1.1 Stepper controller unit 
Aerodynamic experiments required control surface step changes for the purpose of control derivative 
extraction. Control surface step changes were not possible with a standard RC transmitter. A stepper 
controller capable of modulating a Pulse Width Modulated (PWM) signal was made to allow for a step 
output for all control surfaces. Figure 20 displays the stepper controller. The device was mainly used for 
aileron electronic control surface deflection and allowed for symmetrical step changes to each 
aileron.  
 
 
 
Figure 20: Servo motion sequencer for step inputs for various control surfaces 
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2.1.1.2 Actuating servos  
 
Control surface actuation was achieved using push-pull actuation methods for the aileron, and a pull-
pull system for the elevator and rudder. All actuating surfaces were moved by micro Hitec servos (HS-
55), featured in figure 21. 
 
 
Figure 21: Standard Hitec HS-55 actuating servo 
 
The HS-55 servo is capable of static torque of 1.08kg/cm and an actuation speed of 6Hz. The system 
utilizes a PWM digital input signal with continuous position feedback through an inboard 
potentiometer sensor.  Servo to control surface deflection response was measured to be linear on all 
control surfaces.  
 
2.1.2 Reproduction of the MAV wing for surface pressure measurements 
For tests that required a pressure measurement system, a replication of the Flash wing was digitally 
constructed using Solidworks, a Computer Aided Design (CAD) program. The wing was fabricated 
using CNC machining techniques for the general shape, with the addition of a flat panel below the 
wing to interface with a sting (figure 22). The wing was also designed to have span-wise channels on 
the top and bottom surface for lengths of PVC tubing needed for the pressure measurement system 
(discussed in further sections).   
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Figure 22: Replication of the Flash wing using CNC manufacturing methods and extruded polystyrene 
foam 
 
The wing was strengthened with carbon fiber spars along the span at the maximum thickness location 
to improve wing stiffness. The wing was covered in a mylar heat shrink material commonly used on RC 
aircraft further strengthening the wing and allowing for a smooth aerodynamic finish.  
 
2.1.3 Pressure tap modules 
For the purpose of measuring pressure on the surface of the wing, banks of chord-wise pressure taps at 
4 span-wise locations were needed. The designed location of these pressure taps along the chord 
feature in table 3. 
Pressure	  tap	   Location	  from	  LE	  (x/c)	  %	  
1	   1.04	  
2	   3.13	  
3	   5.21	  
4	   9.38	  
5	   13.54	  
6	   17.71	  
7	   26.04	  
8	   34.38	  
9	   42.71	  
10	   50.21	  
Table 3: Non-dimensional pressure tap locations along a chord-wise section of the wing 
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Taps near the leading edge of the wing were closer to each other to increase data resolution. Taps 
were located on the suction and pressure surface of the wing at the same chord-wise locations for all 
span-wise locations. The porosity and strength of the extruded polystyrene foam was not adequate for 
surface pressure taps. A pressure module preserving the shape of the wing was manufactured using 
rapid prototyping techniques.  
 
 
Figure 23: Left, CAD design of the pressure module. Right, replicated MAV wing with 4 span-wise 
pressure modules and interconnecting PVC tubes 
The rapid prototyping technique is a method of fabricating 3D parts or objects by printing layers of thin 
plastic material. A layer of plastic (0.15 micron thick) is printed onto a surface, allowed to dry with 
assistance of a laser projecting an ultra-violet beam, and printed over again to layer-up a solid 3D 
part. Such techniques are also referred to as “3D Printing.”  
 
The individual holes on the suction and pressure surface of the wing had 1.2mm holes matching the 
outboard diameter of the interconnecting PVC tubes. Each PVC tube was inserted into each hole 
and glued in place using Epoxy resin. A sharp and flat scalpel was used to cut the protruding PVC 
tubes flush with the surface of the pressure module. Further, 600 grit sanding around each tap ensured 
the PVC tube followed the aerodynamic surface of the pressure module. Each PVC tube was flushed 
with compressed air to clean away any debris inside the tubes. The internal diameter of each PVC 
tube was 1 mm.  
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The inboard and outboard modules on a semi-span were placed at 125mm and 375mm respectively 
from the aircraft centerline.  
 
2.2 Wind tunnel specifications 
 
The RMIT Industrial Wind Tunnel was the main testing facility used. The facility is a closed return design 
with a 9 x 3 x 2 meter test section after a 2:1 contraction. The tunnel impellor is belt driven by an 
external 330kW DC motor, which resides outside the facility. The motor and impellor are capable of 
producing flow velocities up to approximately 50m/s in the tunnel test section. Acoustic vanes, which 
feature before and after the impellor, reduce the acoustic noise generated by the impeller blades 
and other sources of mechanical noise. A pitot static tube attached to a MKS pressure differential 
system supplied real-time monitoring of flow velocity and remained in a fixed reference position 
immediately after the contraction of the tunnel. A schematic of the RMIT Industrial Wind Tunnel is 
shown in figure 24. Calibration of local velocity to the reference velocity was performed by calibrating 
the pitot static tube at the test section inlet to another pitot static tube at the location of all tests.  
 
Figure 24: Schematic of the RMIT Industrial Wind Tunnel 
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2.2.1 Clean tunnel configuration 
The RMIT Industrial Wind Tunnel has a turbulence intensity higher than that found in other aerodynamic 
tunnels. The turbulence intensity of the tunnel in its clean configuration was measured to be 1.5% at 
the tunnel centerline with a 3-component Cobra probe manufactured by Turbulent Flow 
Instrumentation (TFI). A similar intensity was noted by by Ravi (2011), Grusovin (2006) and Loxton (2011). 
The 1.5% turbulence intensity was relatively constant at the tunnel centerline as the Cobra probe 
traversed through the length of the tunnel.  
 
2.2.2 Turbulence-generating grid 
A turbulence-generating grid was erected before the tunnel inlet to generate a higher level of 
turbulence intensity. This method of passive turbulence generation was also done in previous 
experiments conducted by Grusovin (2006), Cruz (2006) and Ravi (2011). The planar grids were made 
from 6mm thick chipboard with inboard grid dimensions of 600 x 600 mm and inter grid spacing of 
300mm and features in figure 25.  
 
 
Figure 25: Turbulence-generating grid placed before tunnel contraction 
The turbulence generated by the grid was highly reliant on the distance between the grids and the 
location of pressure measurement as found by Grusovin (2006). The highest turbulence intensity 
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occurred when the Cobra probe was close to the grids and decayed gradually as measurements 
moved downstream (see figure 26).   
 
Figure 26: Turbulence intensity vs grid proximity at the centerline of the tunnel (Grusovin, 2006). 
Flow measured close to the turbulence-generating grids comprised of local velocity wakes and was 
not considered homogeneous (Grusovin, 2006). Velocity measurements taken at different locations 
downstream of the grid revealed a gradual reduction in turbulence intensity with an asymptotic 
characteristic to a turbulence intensity of approximately 7.2%. It was concluded that tests within both 
smooth and turbulent flow were to be conducted 8 meters from the grids with relatively well mixed 
homogeneous turbulence, free from wall effects with a constant average velocity across the span of 
the MAV model. Integral length scale was calculated using the Auto-correlation technique. This 
technique assumes Taylors hypothesis where turbulence proceeds downstream in a frozen state 
allowing for upstream and downstream probes, which are longitudinally aligned to the mean direction 
of flow, to record the same velocity fluctuations at different points in time. The calculation of length 
scale is estimated by using the auto-correlation function to construct auto-correlation curve between 
two longitudinally separated probes. This is typically a bell shaped curve with the greatest correlation 
of 1 featuring at zero lag with a gradual reduction of correlation either side of the maximum 
Ph.D. Thesis   
Matthew Marino 44 
correlated point at zero lag. The integrated area under the auto-correlation curve yields the longest 
longitudinal length scale present within the flow. This method of estimating turbulence length scales is 
common and regarded as a reliable estimation method (Wordley, 2009). Details of flow conditions, at 
the test location, feature in table 4. 
 
 Turbulence Intensity (%) Integral Length Scale (m) 
Flow Property TiU TiV TiW TiOVERALL Lxx Lxy Lxz 
No grid 1.3 1.1 1.1 1.2 NR NR NR 
Grids before 
contraction 
7.4 7.3 6.9 7.2 0.21 0.11 0.12 
Table 4: Flow properties at location of all experimental tests within the RMIT Industrial Wind Tunnel (NR – 
Not Recordable) 
 
2.3 Six-component force balance  
 
Static aerodynamic tests were performed using a 6DOF JR3 force balance. The JR3 force balance 
features in figure 27. The force balance output supplied analog voltages to the data acquisition 
board. Real-time calibration was performed to resolve voltages into forces with use of a calibration 
matrix supplied by JR3 Inc.  
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Figure 27: JR3 6DOF force balance used in all force acquisition (picture courtesy of JR3) 
 
Table 5: Specifications of the JR3 force balance 
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 The reference side of the force balance was mounted onto a sting with adjustable pitch and yaw 
angle while the active side was attached to an aluminum mount interfacing with the Flash aircraft 
(see figure 28). The center of the mount was aligned to the quarter chord location of the aircraft. Raw 
voltages were acquired in real time then multiplied by the calibration matrix to output forces and 
moments. The calibration method is presented in equation 1. 
 𝐹𝑥𝐹𝑦𝐹𝑧𝑀𝑥𝑀𝑦𝑀𝑧
= 𝐾
𝐴1𝐴2𝐴3𝐴4𝐴5𝐴6
                                                                            (1) 
 
Where forces (Fx,Fy,Fz) and moments (Mx,My,Mz) are resolved by multiplying the analog voltages (A1-
6) by the calibration matrix (K).  
 Data was acquired in the body axis system and was transferred to the wind axis system. Figure 28 
displays the experimental setup of the static aerodynamic tests.  
 
 
Figure 28: Static aerodynamic test experimental setup with JR3 force balance and adjustable pitch 
and yaw sting. 
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The sting allowed for AOA adjustment up to +/- 45 degrees while the aircraft yaw had no angle 
limitation. A simple pulley system with known weights was used to check the force balance calibration 
and linearity. Results of the static calibrations are shown in appendix A.   
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2.4 Dynamic Pressure Measurement System (DPMS) 
Time-varying pressure was acquired by a DPMS which interfaced to the NACA2313 wing. The DPMS 
was manufactured by Turbulent Flow Instrumentation (TFI) and comprised 4 modules each with 15 
pressure sensitive transducers interfacing into a multiplexer unit (see figure 29). 
 
 
Figure 29: TFI DPMS system featuring 1 pressure module (left) and multiplexer (right). 
 
The multiplexer interfaced 4 pressure modules for 60 simultaneous time-varying pressure 
measurements. Analog pressure signals were supplied to a data acquisition board on a connected 
PC. Pressure transducers in each module interfaced to the wing using interconnecting PVC tubes with 
inboard diameter of 1mm and outboard diameter of 1.2mm. Various tubing types were considered, 
however the PVC tubes provided high internal diameter tolerance and sufficient resistance to tube 
deformation. Each length of PVC tube was 1600mm and was calibrated through the internal 
calibration routine within the TFI software discussed in later sections.  
 
The supplied TFI proprietary software was used to process and record time-varying pressure data. All 
pressure measurements were taken at an acquisition rate of 2000Hz for 300 seconds. User-defined 
inputs of tubing parameters and temperature allowed for calibration of the tubing system. The TFI 
software corrected the amplitude and phase response by numerically approximating a global tube 
response with the user defined inputs, and applying an inverse transfer function.  
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2.4.1 Dynamic calibration of the DPMS 
 
The TFI software allows for calibration of time-varying pressures utilizing the Berge & Tijdemen (1965) 
tube correction method. They derived the amplitude and phase response of multiple tubing systems 
with various geometric parameters using a modified version of the Navier-Stokes equations of 
continuity and state. As mentioned previously, the characterization of a tubing system allows for the 
Inverse Fourier Transform (IFT) to be applied to raw pressure data returning a tubing system to a flat 
frequency response in post processing.  Similar experiments using the TFI DPMS system have been 
done with such calibration methods for data acquisition of time-varying pressures (Loxton et al., 2009, 
Vino, 2005, Ravi, 2011). 
 
The estimated frequency and phase response for frequencies up to 100Hz are featured in figure 30. 
The Berge and Tijdemen tube calibration method was used to estimate the tube response of the 
interconnecting PVC tubes. Frequencies up to 100Hz are tested as higher frequencies lay beyond the 
range of interest, however tube correction was applied up to the Nyquist frequency of 1250Hz.  
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Figure 30: Estimated Berge and Tijdemen frequency and phase response of tubes (L =1600mm, Dinternal= 
1mm). 
The Berge and Tidjemen tube correction method has been successfully used in past research, 
however concerns with tube connections, tube bending and internal diameter tolerance and their 
corresponding effects on tube calibration needed to be experimentally tested. To evaluate the 
accuracy of the dynamic calibration routine within the TFI software, a Dynamic Pressure Calibration 
Device (DPCD) was applied to each pressure tap on the NACA2313 wing (figure 31).  
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Figure 31: Dynamic Pressure Calibration Device (PCD) cross-section (left), actual device (right) (Fisher 
et al., 2012). 
 
The Pressure Calibration Device was made by attaching a 40mm mylar cone to a small chamber with 
two ports to form a coupling camber. The 4mm port at the bottom of the camber featured a rubber 
O-ring that was a flush fit against each pressure tap on the wing. A side port featured a 50mm PVC 
tube connecting to a separate pressure transducer channel and was used as a reference pressure 
signal free from tube bending, long tube length and tube diameter inconsistencies. The main port 
length was considered small (L = 4mm) in comparison to interconnecting PVC tubes and was assumed 
to have a constant uniform pressure and zero phase response. To ensure the pressure at the reference 
port matches the pressure appearing at the tap, the distance between the two ports must be 
sufficiently small compared to the wavelength at the frequencies of interest. This condition was met 
with a distance to wavelength ratio of 𝑑 𝜆 = 0.002. Although the frequencies of interest range from 0 to 
100Hz, the system was sufficient to calibrate a tube for frequencies up to 2kHz. The speaker was 
connected to a micro controller, which provided an amplified pulse-width modulated signal for 4 
seconds to the speaker driver. A total of 10 pressure taps were calibrated by allowing the PCD to sit 
flush with each pressure tap to apply a periodic pressure consisting of a sum of 10 discrete 
frequencies. The pressure data obtained from each tap was subjected to a Fourier analysis where 
amplitude and phase response of the transfer function were obtained at each frequency.  
Reference port 
Mylar cone (speaker) 
Chamber 
Rubber O-ring 
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Figure 32: Frequency response of 10 pressure taps (note the points are almost coincident) compared 
to the Berge and Tijdmen tube response (dashed line). 
 
Figure 32 displays the tubing response of 10 randomly selected pressure taps around the wing. Tube 
response for each tap was plotted against the theoretical Berge and Tijgeman tube response for 
comparison. Variance between Berge and Tijgemen and experimental tube responses were 
measured to be +/- 2% for frequencies up to 80Hz. The small variation in internal tube diameter was 
assumed to be the likely cause of tube response error as it holds greatest sensitivity to tube response 
estimations (Berge and Tijdemen, 1965). This variation was assumed to have negligible influence on 
the amplitude and phase response on the pressure acquisition system and was ignored in post 
processing of data. The application of the inverse Fourier transform in post processing returned the 
tubing response to a flat profile removing the attenuation effects of the tubes.  
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Chapter 3 
 Steady state aerodynamics of Flash 3
MAV 
Wind-tunnel experiments on MAV’s have been used previously to define aerodynamic coefficients 
and derivatives to characterize an aircraft (Jackowski et al., 2004). A summary of airfoils in smooth flow 
also offers critical information about airfoils exposed to low Reynolds number flows (Carmichael, 1981). 
Most experiments of this nature are done in smooth-flow tunnel conditions and do not match the low-
altitude, high turbulence environments where MAV’s commonly fly as previously discussed. The effects 
of turbulence on MAV’s aerodynamics are relatively unknown, however studies on flat plates, tested 
under low Reynolds number flow, revealed significant change on primary aerodynamic coefficients 
when turbulence was introduced into the flow (Watkins et al., 2006, Watkins and Abdulrahim, 2008, 
Loxton et al., 2009, Mueller and DeLaurier, 2003). These types of studies have uncovered time-varying 
and time-averaged aerodynamic changes on flat plate airfoils and wings when compared to smooth 
flow experiments.  Similar experiments on thick cambered wings or small aircraft have not received 
similar attention. Furthermore, it is unclear whether turbulence significantly effects stability and control 
derivatives and if these parameters are suited to a control system designed for flight in high 
turbulence. Experiments using the JR3 6DOF force balance within the RMIT Industrial Wind Tunnel were 
performed to understand how aerodynamic derivatives change between a nominally smooth flow 
tunnel configuration (Ti = 1.5%) and elevated levels of free stream turbulence (Ti = 7.2%, Lxx = 0.21m). 
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3.1 Aerodynamic coefficients  
All experiments were conducted within the RMIT Industrial Wind Tunnel at a flow velocity of 8ms-1  (Re = 
120,000) in nominally smooth flow (Tioverall = 1.5%). Turbulence generating grids later provided an overall 
turbulence intensity of 7.2% with an average length scale of 0.21m (for details see table 3). Force 
balance data was acquired at a rate of 1000Hz for 3 minutes. Calibration of the force balance 
features in Appendix A. Post processing of data included tare effects correction and time averaging 
over the sample size. Raw data was acquired in the body axis system and transposed to the wind axis 
system for approximations of aerodynamic coefficients and derivatives. Smooth and turbulent flow 
tests were repeatable within 5% (refer to Appendix B). 
 
3.1.1 Lift and drag coefficient 
Lift and drag experiments involved single time-averaged tests at an AOA range between -5 to 25 
degrees with a 2.5-degree step change. The variable pitch system built into the sting allowed for 
manual adjustments of AOA. Aircraft AOA was measured using a digital inclinometer accurate to 0.01 
degrees. All coefficients and derivatives shown are in respect to the full aircraft. This assumes 
contributions from the horizontal and vertical tail in the trimmed condition.  
 
 
 
Figure 33: Lift and drag coefficient of the Flash MAV in smooth flow (Ti = 1.5%) and turbulent flow (Ti = 
7.2%, Lxx = 0.21m) 
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The zero-lift angle of attack is negative in both experimental conditions as seen on figure 33 and is a 
result of airfoil camber. Common flight and loiter AOA’s (between 2.5 and 7.5 degrees) showed an 
attached flow condition with sufficient linearity to allow for aerodynamic derivative extraction. AOA’s 
above about 10 degrees, in either flow condition, displayed a gradual roll off in lift coefficient evident 
in the departure from the linear trends featured between -5 and 7.5 degrees. The gradual roll off in lift 
is commonly found when testing airfoils in low Reynolds number tunnel conditions (Ravi, 2011, Mueller 
and DeLaurier, 2003, Watkins and Abdulrahim, 2008). Turbulent flow displayed a negligible change in 
aerodynamic lift-coefficient derivative, however featured a noticeable delay in stall evident in the 
increase in lift coefficient for AOA’s greater than 10 degrees. The delay in stall was viewed as an 
advantageous time-averaged performance quality, as the aircraft produced more lift at higher 
AOA’s. The comparison also uncovered slightly higher lift production at lower AOA for smooth flow 
than turbulent flow at AOA’s between -5 and 10 degrees. The drag dependency on AOA displayed a 
typical parabolic trend throughout the AOA range. Figure 33 (right) features the drag polar of the 
aircraft and includes contributions from the fuselage and tail plane. Low AOA’s revealed less aircraft 
drag between 0 and 7.5 degrees when exposed to turbulent flow, however this does not signify a wing 
performance increase as lift within this AOA range displayed reduction. The zero-lift drag coefficients 
for both flow conditions showed insignificant change while the drag polar trended towards an 
expected parabolic relationship signifying the aircrafts CD sensitivity on CL2. 
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3.1.2 Lift and drag polar 
 
 
Figure 34: CL vs CD polar comparing smooth and turbulent flow experiments 
Figure 34 displays the relationship between lift and drag and revealed maximum CL/CD between 2.5 
and 7.5 degrees for both flow conditions, suggesting insignificant change to aircraft endurance.  Such 
a condition would satisfy cruise or loiter flight attitude in a common reconnaissance mission scenario 
for a MAV of this configuration and size (McMichael and Francis, 1997). An AOA of 5 degrees relates 
to a lift coefficient of 0.72, and corresponding lift to support 600 grams, which is the recommended 
flying weight of the Flash aircraft at a corresponding velocity of 8ms-1. Only minor differences are 
noticed between AOA’s of -5 and 10 degrees as both polars revealed similar trends throughout the 
pre stall AOA region. Significant differences are shown at AOA’s greater than 7 degrees as CL/CD  
increased when the aircraft was exposed to turbulent flow.  
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3.1.3 Pitching moment coefficient 
 
 
Figure 35: Moment coefficient of the Flash MAV tested under normally smooth and turbulent flow. 
Smooth and turbulent flow experiments produced moment coefficients of -0.79 and -0.75 respectively. 
The change of moment coefficient is measured to be approximately 5% when turbulence was 
introduced into the flow. Furthermore, pitching moment coefficient displayed a distinct change at 
approximately 10 degrees AOA and is in agreement with the stall AOA found in figure 33. 
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3.2 Discussion of aerodynamic changes due to turbulence 
The aerodynamic characterization of the Flash model revealed changes in the aerodynamic 
coefficients summarized in table 6. 
 
Coefficient Smooth flow Turbulent flow 
 
CLα (per radian) 4.19 3.88  
CL, α=0 0.41 0.33  
CLmax 1.05 1.22  
CD,0 0.068 0.058  
Cm,0 0.046 0.052  
Cmα (per radian) -0.79 -0.75  
(CL/CD)max @ 8ms-1 6.62 6.79  
Table 6: Tabulated summary of aerodynamic coefficients in smooth and turbulent flow 
 
Coefficients were approximated using the linear portions of all data within the pre stall condition (AOA 
between -5 and 7.5 degrees) under a constant velocity of 8ms-1 for nominally smooth and turbulent 
flow test conditions. Turbulence decreased lift-coefficient derivative (CLα) by 8%, however the delay in 
stall provided a higher maximum lift coefficient, which extended the lifting performance of the wing. 
The zero-alpha lift coefficient slightly reduced in turbulent flow. Turbulence offered a slight drag 
reduction to zero-lift drag coefficient or parasite drag coefficient, however the relationship between 
lift and drag held common parabolic trend for AOAs pre stall. 
 
3.3 Aerodynamic control derivatives 
Testing within smooth and turbulent flow revealed slight changes in aerodynamic coefficients and 
derivatives, however the changes were not significant enough to change the linear assumptions 
needed for control theory. Further wind-tunnel experiments were conducted to approximate control 
derivatives under the turbulent flow tunnel configuration. Control derivatives presented in this section 
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are ones that are relevant to roll and pitch control of the MAV. Other aerodynamic control derivatives, 
which relate to the yaw and drag, are not featured. Perturbations relating to these derivatives are out 
of plane and do not significantly interfere with onboard data acquisition of visual and sensory data 
(William R. Davis and Kosicki, 1996). 
 
3.3.1 Aileron contribution to roll moment 
 The equation relevant to roll coefficient features below:  
 𝐶! = 𝐶!!𝛽 + 𝐶!! !"!! + 𝐶!! !"!! + 𝐶!!!𝛿! + 𝐶!!"𝛿!                                 (3.1) 
 
Where 𝐶! is the total aircraft roll coefficient, 𝐶!!  is the roll contribution from side slip angle 𝛽,   𝐶!! is the 
roll damping contribution due to the influences of roll rate (p), wing span (b) and flight velocity (V), 𝐶!!! is the roll contribution to due to rudder deflection 𝛿!, 𝐶!! is the roll contribution due to influences of 
yaw damping (r) and wing span (b) and 𝐶!!" is the roll contribution due to aileron deflection 𝛿!. 
 
Certain assumptions can be made to simplify the aircraft roll equation since the aircraft is nominally 
neutral in roll as it has no dihedral or sweep thus 𝐶!!𝛽 = 0. Roll induced by rudder deflection was found 
to be insignificant from flight tests. Neutrally stable aerobatic aircraft, such as the Flash, are designed 
to have no roll/yaw coupling in order to perform flight maneuvers such as ‘knife edge’ flight with no 
secondary control input from roll control. The aircraft roll coefficient can be simplified to: 
 𝐶! = 𝐶!! !"!! + 𝐶!!"𝛿!                                                     (3.2) 
 
In an ideal system, where an autopilot instantaneously corrects for input by equivalent and opposing 
aileron, there will be negligible roll rotation. Thus roll damping may not be a significant term within the 
roll coefficient equation when applied to the turbulence mitigation theory. Roll coefficient and its 
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associated derivatives will be used to instantaneously calculate an aileron deflection equivalent and 
opposing the coefficient measured and calculated by pressure sensing on the wing. With this concept 
in mind, the roll coefficient of the MAV further reduces to: 
 𝐶! = 𝐶!!"𝛿!                                                            (3.3) 
 
Experimental results approximating roll coefficient due to aileron deflection feature in figure 36. Roll 
coefficient due to aileron deflection was determined experimentally using the PWM stepper controller 
described in chapter 2. Ailerons were deflected between -20 and 20 degrees with a 10 degree step 
change. AOA’s between -5 and 10 degrees were tested to evaluate AOA sensitivity to roll coefficient 
derivative.  
 
Figure 36: Aircraft roll coefficient vs aileron deflection in turbulent flow (Ti = 7.2%, Lxx = 0.21m) 
Figure 36 displays the change in roll coefficient due to aileron deflection. The sensitivity to AOA 
change remained relatively small with Clδa derivative variance estimated to be within +/- 5% when a 
standard linear trend line was applied to the data. Although there is a slight deviation from a linear 
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curve fit, roll coefficient remained nominally linear throughout all AOA tested, giving confidence for 
use in linear control theory application for turbulent conditions.  
 
3.3.2 Elevator contribution to pitching moment 
 
The longitudinal equation for aircraft pitching moment features below: 
 𝐶! = 𝐶!!𝛼 + 𝐶!! !!!! + 𝐶!!"𝛿!                                              (3.4) 
 
Where 𝐶! is the total aircraft pitching moment, 𝐶!!  is the contribution due to wing incidence 𝛼, 𝐶!! 
is the contribution due to dynamic pressure (q), wing chord (c) and flight velocity (V), 𝐶!!" is the 
moment contribution due to elevator deflection 𝛿!. 
 
 
Figure 37: Pitching moment vs elevator deflection in turbulent flow (Ti = 7.2%, Lxx = 0.21m) 
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Figure 37 depicts the influence of elevator deflection on pitching moment. The first element of the 
pitch coefficient equation describes the influence of alpha on moment coefficient founded in the 
previous section (table 4). The second element describes the influence of dynamic pressure on pitch 
coefficient. For the purpose of this work, a test speed of 8 ms-1 was the only flight speed tested as this 
was assumed to be relevant to the loiter phase of a typical MAV mission. This mission phase would 
require a steady level flight condition for the capture of sensory data. Testing of multiple flight 
velocities was not performed as this research deals with the viability of a wing pressure sensing 
turbulence mitigation system exposed to one specific flight scenario.  
 
Linearity between pitching moment coefficient (Cm) and elevator deflection exists for all AOA tested. 
The AOA sensitivity to Cmδe was assumed negligible. 
 
 
 
3.4 Chapter discussion 
Differences in aerodynamic coeffcients are noticed when normally smooth and turbulent flow data 
are compared to each other, however the degree in variation between each coefficient tested is not 
consistent nor significant enough to account for when characterizing a MAV for turbulent flight. 
Significant differences are found when tested under high AOA’s (AOA > 10 degrees) while low AOA’s 
displayed similar aerodynamic derivative while remaining linear. Difference in aircraft cruise 
performance was insignificant between the two test cases showing similar lift over drag ratios between 
AOA’s of 2.5 and 7.5 degrees. Control derivatives also showed acceptable linearity throughout control 
surface deflections, allowing for control derivative approximations when tested in turbulent flow and 
allows for linear assumptions to be made to control theory.  
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3.5 Chapter conclusions 
• Linearity can be assumed for various aerodynamic and control derivatives for use in aircraft 
characterization and control theory on thick cambered airfoils in turbulent flow.  
• Turbulent flow does not significantly change the values of various aerodynamic and control 
derivatives used to characterize an aircraft model at low AOA’s.  
• Turbulent flow increases the time averaged lifting performance of thick cambered airfoils by 
producing more lift at higher AOA’s. 
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Chapter 4 
 Analysis of surface pressures 4
 
Past research in aerodynamics has described various methods in characterizing aircraft, wings and 
airfoils using CFD, numerical and experimental methods. Flow mechanics around a body, aircraft or 
wing are also well researched and known. Some studies focus on aerodynamics and flow mechanics 
for airfoils and wings at low Reynolds numbers and are relevant to the MAV research field 
(Carmichael, 1981). As the majority of research is based around smooth flow environments (Ti << 1%), 
the influence of turbulence and how it may affect surface pressure and flow mechanics around a 
wing is not available within the current body of knowledge. Attempts at recreating the ABL within the 
computation domain have led to advanced turbulence simulations, however most attempts have not 
been conclusive as low Reynolds number conditions break down various assumptions made within the 
CFD theory. However progress is being made on turbulence simulation models (Wilcox, 1998, Zhai et 
al., 2007, Solazzo et al., 2008). Results presented in this section are focused on changes in pressure 
coefficient profile and unsteady flow phenomena of a NACA2313 wing, at a Reynolds number of 
115,000, when experimentally tested in two flow conditions in the RMIT Industrial Wind Tunnel. Time-
averaged and time-varying pressure data is obtained through a data acquisition system measuring 
pressure from 2 chord-wise strips of pressure taps under the two flow conditions (nominally smooth and 
turbulent flow conditions detailed in chapter 2).  
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4.1 Statistical analysis of surface pressures in a nominally 2D flow 
Pressure data was acquired using the DPMS system described in section 2.4 at a rate of 2500Hz for 300 
seconds. The post processing of data consisted of applying a tube calibration transfer function using 
the Berge and Tijdemen tube calibration method to return the tubing system to a flat frequency 
response (Berge and Tijdemen, 1965). A 4th order low-pass Butterworth filter was used to filter 
frequencies above 100Hz to eliminate the presence of high frequency noise and data aliasing. The 
mean and standard deviation of pressures were calculated using equation 4.1 and 4.2. 
 
 
Where Cp’ is the mean pressure coefficient and Cp is the time-varying pressure coefficient, P’ in the 
mean pressure and P time-varying pressure both in Pascal’s, P∞  is the average ambient static pressure, 
ρ  is density of air and V is the mean stream-wise velocity. P∞  was estimated by acquiring time-
averaged pressures from the static port of a Pitot-Static tube placed at close proximity to the wing, 
but insignificantly affected the presence of the model. 
 
 
4.1.1 Smooth flow (Ti = 1.5%) 
The nominally smooth flow condition would represent MAV flight through an environment with little or 
no wind velocity, however due to low altitude flight, the flow cannot be considered to be totally 
smooth (Ti << 1%) as thermals from the ground cause flow convection (Millbank et al., 2005).  
(4.1) (4.2) 
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Figure 38: Time averaged pressure coefficient (top), time-averaged standard deviation of pressure 
(bottom) in nominally smooth flow (Ti = 1.5%). Data displayed is related to the inboard pressure 
module. The solid lines in the top figure represent mean Cp’s on the top surface while the dashed lines 
represent mean Cp’s on the bottom surface of the wing.  
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Figure 38 displays the time-averaged Cp (top) and standard deviation (bottom) of Cp acquired 
from the module closest to the centerline of the wing. The flow around this span-wise region is 
assumed to be nominally two-dimensional. The 0 degree AOA condition demonstrated a Cp profile 
dictated by airfoil geometry. Maximum suction was at 23% chord and correlated well to the location 
of maximum airfoil thickness. As AOA increased, the separation of the suction and pressure Cp profiles 
was apparent with lower pressures on the upper surface and higher pressures on the lower surface of 
the wing.  AOA’s of 0 and 5 degrees displayed maximum suction aft of the leading edge while AOA’s 
greater than 10 degrees displayed maximum suction at close proximity to the leading edge. Gradual 
pressure recovery followed with asymptotic trends to free stream pressure. AOA of 20 degrees showed 
a reduction in suction pressure suggesting flow separation. 
 
AOA’s of 15 and 20 degrees displayed a suction-pressure at 5% chord. The presence of this peak 
departs from the common gradual pressure recovery trend found on experimental research at higher 
Reynolds numbers (Erm, 1988), however the Cp peak is similar to wings and airfoils exposed to low 
Reynolds number flows (Mueller and DeLaurier, 2003). The location and existence of the suction 
pressure peak gave evidence of a Laminar Separation Bubble (LSB) as it represents the “dead air” 
region of circulating flow.  The standard deviation peak at 10% chord is used to identify the 
approximate location of LSB reattachment. LSB length is commonly approximated by using peaks in 
Cp and standard deviation profiles (Horton, 1968, Ravi et al., 2011). 
 
 
4.1.2 Turbulent flow (Ti = 7.2%, Lxx = 0.21m) 
Experiments with the NACA2313 wing were performed under elevated levels of free stream turbulence 
(Ti = 7.2%, Lxx = 0.21m). A mean flow velocity of 8ms-1  (Re = 115,000) was measured by time-averaging 
data acquired from a Bariatron reference pressure transducer connected to a pitot-static tube at 
close proximity to the wing.  
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Figure 39: Time-averaged pressure coefficient of NACA2313 wing in turbulent flow (Ti = 7.2%, Lxx = 
0.21m). The solid lines represent mean Cp’s on the top surface while the dashed lines represent mean 
Cp’s on the bottom surface of the wing.  
 AOA’s of 0 and 5 degrees showed similar Cp profiles to that found when the wing was tested in 
nominally smooth flow (see figure 39). Peak suction was found aft of the leading edge with gradual 
pressure recovery thereafter. AOA’s between 10 and 15 degrees displayed maximum suction at close 
proximity to the leading edge with a steeper pressure recovery to free-stream pressure.  All Cp profiles 
did not display any evidence of a LSB under the turbulent flow condition.  
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Figure 40: Comparison between nominally smooth and turbulent flow experiments of NACA2313 wing 
at 20 degrees AOA. 
The major difference between nominally smooth and turbulent flow conditions was found at high 
AOA’s. For AOA of 20 degrees (Figure 40), higher suction pressures are found in the first 40% of the 
chord when the NACA2313 wing was exposed to turbulent flow. Such an effect is further evidence of 
a time-averaged increase in wing performance as the wing produced more time-averaged lift. Figure 
40 also reveals an approximate constant pressure region at 5% chord and is hypothesized to be due to 
a LSB. This particular feature was not found when tested in the turbulent flow condition. The absence 
of the broad suction peak at 5% chord suggested time-averaged LSB suppression when the wing is 
exposed to turbulent flow and suggests a link between LSB formations and turbulence intensity. The 
nominally smooth flow condition has a turbulence intensity of 1.5%, which provided a suitable flow 
condition to allow for LSB development. The turbulence case (Ti = 7.2%) is one of unsteady 3D flow 
effects dominating the flow and must not hold sufficient stability to allow for LSB development. 
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Figure 41: Standard deviation of Cp of the NACA2313 wing under turbulent flow 
All Cprms profiles show a maximum Cprms at the LE of the wing, followed by a gradual reduction as X/c 
increased for each AOA (see figure 41). The Cprms of pressure near the LE of the wing displayed the 
highest sensitivity to AOA change. Maximum Cprms gradient featured at approximately 5% for the 
suction surface and 2% for the pressure surface. The pressure surface of the wing showed significantly 
lower magnitude Cprms relative to the suction surface of the wing most notably at the wing’s LE due to 
the favorable pressure gradient. An AOA of 20 degrees displayed a significant Cprms increase at all x/c 
locations relative to those found at lower AOA’s. Although the Cprms trend remained similar to those 
found at lower AOA’s, Cprms increased by 60 - 80% when the AOA was increased from 15 to 20 
degrees, while AOA changes between 0 and 15 degrees showed 10 – 30% increased Cprms 
throughout the chord.  
 
 
 
Ph.D. Thesis   
Matthew Marino 71 
4.2 Comparison of laterally separated pressures  
4.2.1 Smooth flow (Ti = 1.2%) 
Time-varying pressures, across the chord, were taken at 125mm and 375mm from the wing’s 
centerline. Under nominally smooth flow conditions (Ti = 1.5%) various AOA’s were tested to statistically 
compare the pressures acquired at the laterally spaced chords (see figure 42). Data presented here is 
from pressure taps on one semi-span of the MAV as the flow was tested to be symmetrical across the 
aircraft centerline.  
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Figure 42: Span wise comparison of time-averaged Cp and STD at various AOA in nominally smooth 
flow (Ti = 1.5%) 
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Time-averaged Cp’s, between 0 and 10 degrees, displayed similar profiles with maximum suction 
occurring at the leading edge of the wing followed by a smooth pressure recovery trending to free-
stream pressure. The outboard pressure module recorded lower suction pressures due to the influence 
of 3D flow effects and followed flow theory of an elliptical span-wise lift distribution. The time-averaged 
Cp, at X/c = 50% on the outboard pressure module, displayed a subtle drop in suction pressure 
departing from the common Cp profile for AOA between 0 and 10 degrees. Corresponding CpRMS 
profiles displayed a peak at the same chord-wise location (X/c = 50%). The decrease in suction 
pressure and raised flow unsteadiness is linked to the wing tip vortex influencing the flow around the 
region. Figure 43 displays the wing tip vortex and equivalent location of the tap in discussion.  
 
 
Figure 43: Smoke flow visualization and equivalent outboard pressure tap location (X/c = 50%) of the 
NACA2313 wing showing the wing tip vortex at 5 degrees AOA (Ti = 1.5%). 
The Cprms profiles at 15 degrees contrasted to those at lower AOA’s. The inner module displayed 
evidence of LSB development indicated by a peak in the time-averaged Cp profile, indicative of the 
dead air region of flow, and associated downstream peaks in Cprms related to downstream 
reattachment. Cprms downstream of X/c = 12% indicated the redevelopment of the turbulent 
boundary layer. The outer module did not display strong evidence in LSB development in its time-
125mm 
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c 
= 
0.
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averaged Cp profile, however peaks in Cprms indicated the contrary. The flow around the inboard 
module must hold sufficient stability to allow for the development of a LSB while 3D flow around the 
outer module limits its development.  
 
At 20 degree AOA, the Cp profiles between the inboard and outboard module displayed a significant 
variation most notably at X/c > 9%. The outboard module recorded higher suction between X/c 
locations of 9 and 42%. The increase in suction pressure departed from the assumed separated flow 
state. Flow unsteadiness increased with twice the magnitude of Cprms relative to that found with the 
inboard module that indicated strong 3D flow effects generated by the tip vortex. A Similar 
phenomena was found (Schreck and Helin, 1994) when experimentally testing a finite wing in low 
Reynolds number flows. Furthermore Cprms for both the inner and outer modules increased by a 
magnitude of 4 when compared to Cprms at 15 degrees AOA which is indicative of flow separation. 
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4.2.2 Turbulent flow (Ti = 7.2%, Lxx = 0.21m) 
The analysis featured in section 4.2.1 was repeated for data taken under the turbulent flow condition 
to compare and assess changes induced by increasing freestream turbulence.  
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Figure 44: Span wise comparison of time-averaged Cp and STD at various AOA in turbulent flow (Ti = 
7.2% Lxx = 0.21m) 
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Time-averaged Cp profiles displayed minimal variation between inboard and outboard pressure 
modules. As seen in the smooth Cp profiles, the inboard pressure module recorded relatively higher 
suction compared to the outboard pressure module. High AOA’s (15 and 20 degrees) did not display 
evidence of LSB formations or influences of the wing tip vortex under the turbulent flow condition. The 
Cp profile trend remained similar between both span-wise chords with high suction near the LE of the 
wing followed by a gradual pressure recovery as X/c increased. Turbulence increased the time-
averaged lift evident higher with leading edge peak suctions and overall higher Cp profiles at each 
module when compared to those found under smooth flow results.  
 
The Cp profiles, for AOA’s between 0 and 15 degrees, were similar to those found under nominally 
smooth flow conditions. The majority of disparities are found when comparing flow unsteadiness using 
the standard deviation of pressure (Cprms). As expected, the introduction of freestream turbulence 
increased flow unsteadiness of all surface pressures due to the nature of the flow, however, the 
magnitudes of Cprms are of interest. For AOA’s between 0 and 15 degrees, Cprms increased by an 
average factor of 3.5 for the suction surface of the wing relative to that found in smooth flow. The 
Cprms on the pressure surface of the wing increased by an average of 2.5 times that found in smooth 
flow results. 
 
The benefit of turbulence is apparent at AOA of 20 degrees where more time-averaged suction is 
measured across the wing’s span. There is also little evidence of 3D flow effects from the tip vortex as 
the outboard Cp profile closely follows the inboard and contrasts to that found under the nominally 
smooth flow condition. The Cp profile also reveals more time-averaged flow attachment under the 
turbulent flow condition indicated by maximum suction at the LE followed by gradual pressure 
recovery trending to free stream pressure for both inboard and outboard modules. The indifference 
between the two laterally separated modules suggests a suppression of 3D flow effects associated 
with the wing tip. Unlike what was found under the nominally smooth flow condition, the unsteadiness 
of the flow may not allow for the steady development of the wing tip vortex.  
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It is evident that turbulence increases the flow unsteadiness and influences local flow effects, which 
would normally occur under a smooth flow condition. The magnitude in which the flow is perturbed is 
of interest and gives insight to the amount of pressure change a wing is exposed to, however the 
perturbation of pressure can be visualized in terms of turbulence induced AOA changes rather than 
Cp changes and gives a clearer understanding on how turbulence effects the relative flow vertical 
vector approaching the wing.  
  
   
Figure 45: Time-varying and time-averaged Cp profiles showing AOA variation due to turbulence at 5 
degrees AOA (Ti = 7.2% Lxx = 0.21m). 
Figure 45 displays time-averaged Cp and instantaneous values of time-varying Cp’s at 5 degrees AOA 
for a 30 second sample superimposed over time-averaged Cp profiles of to 0 and 10 degrees AOA for 
the inboard and outboard modules. Time-varying Cp’s at 5 degrees AOA shown an approximate AOA 
variation of approximately +/- 5 degrees directly caused by the turbulent flow evident in both inboard 
and outboard pressure modules. The AOA of 5 degrees was chosen to display turbulence-induced 
AOA changes as it represents the cruise or loiter phase of a general MAV mission. A MAV flown 
through a similar turbulent condition would experience significant AOA changes across the span of 
the wing resulting in an unsteady flight characteristic. Higher AOA’s would display a greater spread of 
time-varying Cp’s across the span and result in a greater variation of turbulence-induced AOA 
changes. Lower AOA’s would experience the contrary.  
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4.2.2.1 Time-varying comparison  
 
The time-averaged analysis uncovered statistical qualities in wing performance and pressure 
disturbances. It cannot be assumed that the time-varying pressures at different span-wise locations 
(even those equally displaced from the aircraft centerline), hold symmetry at any point in time under 
the turbulent flow condition. The analysis of the RMIT Industrial Wind Tunnel revealed an integral length 
scale of 0.21m, the largest eddy produced by the turbulence generating grids. The generated eddies 
approach the model at random times, sizes and orientations. As the wingspan is 1m, multiple eddies 
can impinge on the wing at the same point in time generating span-wise AOA variations relative to 
the mean vector of flow. Although discrete velocity changes may exist in the mean flow vector, 
allowing for dynamic pressure variance between each span-wise pressure tap, it is known that the 
vertical velocity fluctuations, or fluctuations perpendicular to the wing, are the dominating influence 
for roll perturbation (Thompson et al., 2011a).  
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Figure 46: Cp plots of the inboard and outboard pressure modules at various points in time at 5 
degrees AOA (Ti = 7.2%, Lxx = 0.21m). 
Figure 46 displays instantaneous Cp profiles at random points in time when the wing was exposed to 
turbulent flow at 5 degrees AOA. Figure 46A displays the inboard and outboard pressure modules with 
a similar Cp profile. At another point in time, both Cp profiles are seen to move together presumably 
caused by a large eddy traversing over the wing (comparing figure 46A&B). Other points in time 
revealed variation in Cp profiles between the inboard and outboard pressure module. Figure 46C 
displays an instant where the inboard pressure module is measuring more suction than the outboard 
module, while figure 46D displays the contrary. Cp profile variations of this kind can be associated with 
smaller eddies within the flow. It must also be noted that the instantaneous Cp profiles in figure 46 do 
not display any unfamiliarities, such as local peaks across the chord, and hold an expected Cp trend 
across the chord. For example, figure 46C shows the Cp profile of the outboard module, and from a 
A B 
C D 
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visual perspective, it approaches a Cp profile associated with 0 degree AOA. Figure 46D shows the 
outboard module approaching a Cp profile reminiscent of the time-average profile at 10 degrees 
AOA, while the inboard module shows an instantaneous Cp profile of close to that found in the time-
averaged data for 5 degrees AOA (refer to figure 44 and 46D). As such the instantaneous pressure 
change can be linked to the instantaneous AOA change across the span of the wing. It can also be 
concluded that turbulence disturbs the relative AOA across the span in a random and unpredictable 
fashion. This alludes to the skew of the typical span-wise pressure distribution caused by turbulence 
and how it produces a turbulence-induced rolling moment. Figure 47 displays a typical span-wise lift 
distribution across the span. The bottom figure displays how turbulence may skew the span-wise lift 
distribution and produce an unequal span-wise lift distribution resulting in a turbulence-induced roll. 
 
 
 
 
 
 
Figure 47: The effect of turbulence on the span wise lift distribution on a wing 
Equal lift 
distribution 
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Sensing of pressure, at multiple points on a MAV wing, could be a viable method for resolving 
turbulence-induced rolling moment. As two semi-span-wise pressure tap locations were used within 
this analysis, sectional lift approximations could be calculated with some approximation for the 
coefficients at the leading and trailing edge as these were not measured. By forcing Cp coefficients 
to zero at the leading and trailing edge of the chord-wise section an estimation of the full chord-wise 
integration can be performed using the trapezoidal method. Once lift is calculated, basic strip theory 
could be used to resolve lift per span-wise segment and resolved around the aircraft centerline.  
 
 
Figure 48: Simple strip theory to resolve for span-wise lift and roll. 
The number of span-wise lifting segments contributes to the accuracy of span-wise lift distribution 
representation. A greater number of span-wise segments measured will increase the accuracy of 
span-wise lift distribution. Furthermore, smaller length-scales of turbulence will be sensed by pressure 
taps spaced closed together. Figure 48 demonstrates how this pressure sensing method could be used 
to acquire lift discretely at different span-wise sections on the wing. As turbulence deforms the typical 
span-wise lift distribution, each span-wise pressure module can sense this change and resolve for 
turbulence induced rolling moment.  
 
The number of taps required, per span-wise lifting segment, must be high enough for sufficient 
accuracy when resolving for lift. As the theorized system of real time pressure sensing is proposed for 
MAV’s, the size and weight constraints of a MAV system limits the number of data acquisition channels 
available. If a pressure system, similar to that used here, was to be used to resolve span-wise lift, 80 
pressure taps and associated DAQ systems would provide mechanical and weight challenges when 
applied to a flying MAV. If pressure sensing is to be used for a turbulence mitigation system, resolving 
span-wise lift must be provided by a reduced and simplified system. 
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4.3 Unsteady flow mechanics at high AOA’s  
The increase in Cprms discussed in chapter 4.2 outlined an unusual increase in unsteady flow at the 20 
degrees AOA condition. It cannot be assumed that the overall jump in Cprms was solely the result of 
flow separation from stall, as force balance and time-averaged pressures revealed stall at an AOA of 
10 degrees shown in section 3.1.1. Time-varying data from the inboard module was analyzed to 
understand the unsteady flow nature at 20 degrees AOA, particularly on the suction surface of the 
wing.  
 
 
Figure 49: Non-dimensional time sequence of pressure co-efficient vs X/c, AOA 20 degrees Ti = 7.2%, 
Lxx=0.21m 
A time-sequence of chord-wise Cp’s features in figure 49. The thick dotted lines signify time-varying Cp 
while the inboard dashed lines display time-averaged Cp. Time is displayed in its non-dimensional form 
where t is varying time in seconds and T is the period in seconds of the free flow stream to travel one 
t/T = 0  t/T = 0.14 t/T = 0.28  
t/T = 0.42 t/T = 0.56  t/T = 0.70  
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chord length. At t/T =0, the Cp profile indicated higher than average suction. As time increased, LE 
suction reduced close to the LE (t/T = 0.14). The low-pressure peak travelled downstream at a speed 
slower than freestream velocity. The low-pressure peak reduced in magnitude and broadened in 
profile as it traversed along the chord. Unsteady flow of this nature occurred at random time intervals 
with no obvious well-defined period. The low-pressure peak also suggested influences to wing pitching 
moment, as the center of pressure is directly related to the Cp profile. By this logic, the center of 
pressure will traverse downstream in a similar manner to the low-pressure peak and cause unsteady 
pitching moment dynamics. The high-pressure surface of the wing revealed significantly smaller 
pressure changes relative to those found on the suction surface due to the favorable pressure 
gradient. 
 
 
Figure 50: NACA 2313 wing at 20 degrees AOA under turbulent flow (Ti = 7.2%, Ixx = 0.21m). 
In order to further understanding this effect, smoke flow visualization was performed. Figure 50A 
displays the wing in a fully separated state until shear layer roll up occurs shortly after (figure 50B). The 
shear-layer is then seen to form a vortical core (a contained and closed loop motion of flow), which 
advected downstream with the flow (figure 50C). Once the vortical core had travelled the length of 
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the chord, the shear layer returned to a separated state (figure 50D). The vortical core flow mechanics 
suggests a direct relationship between the low-pressure peak as flow vorticity induces higher 
circumferential velocities and lower pressures relative to the ambient flow (Hall, 1961). The time-varying 
pressures and smoke flow analysis revealed random intervals of vortical formation and burst are reliant 
on the incoming vertical vector of the turbulent flow. 
  
 
Figure 51: Non-dimensional time sequence of pressure co-efficient vs X/c, for two laterally separated 
chords and an AOA of 20 degrees Ti = 7.2%, Lxx=0.21m 
The formation and burst of the vortical cores were also found when analyzing the pressure taken from 
the outboard module. Figure 51 displays time-varying pressures taken from the inboard and outboard 
modules. In this sequence, the formation and burst of the vortical core occurred at the outboard 
module while the inboard module displayed a common Cp profile with no evidence of a local low-
pressure peak. The peak recorded on the outboard module was seen to form downstream of the LE as 
shown at t/T = 0.14. The low-pressure peak then traversed and broadened downstream with the flow. 
At the end of the sequence (t/T = 0.70), the instantaneous Cp profile displayed evidence of a new 
t/T = 0  t/T = 0.14 t/T = 0.28  
t/T = 0.42 t/T = 0.56  t/T = 0.70  
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vortical core formation as a relatively smaller low-pressure peak developed at X/c = 17%. Pressures 
close to the LE did not reduce in the same manner as those found with the inner module. Pressures 
near the LE maintained maximum suction close to the LE with gradual pressure recovery for the first 
10% of the chord.  
 
By comparing time-varying pressure taken from the inboard and outboard modules, it can be 
concluded that the formation and burst of the vortical core can occur at random time intervals and 
locally form at various points across the span.  
 
 
 
4.4 Chapter conclusions 
• Turbulence significantly influences the time-averaged chord-wise pressure distribution for 
AOA’s past stall and increased time-averaged suction pressures improving the lifting 
performance of the wing.  
• Turbulence suppresses the formation of LSB’s as the unsteady flow from turbulence does not 
allow the LSB to develop.  
• Local 3D flow effects, such as the wind tip vortex, are significantly influenced by turbulence. 
• High turbulence levels coupled with high AOA’s, give rise to the unsteady formation and burst 
of vortical cores. Formation and burst of vortical cores occur at random time intervals at 
different locations across the span.  
• Eddies, inherent in turbulent flow, have the ability to change Cp profiles at various locations 
across the span resulting in a skew of span-wise lift distribution. Span-wise skew causes 
turbulence induced roll moments. 
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Chapter 5 
 
 Relationship between single and 5
multiple pressure taps 
The measurement of surface pressures to estimate variations in span-wise lift is possible, however it may 
require a substantial number of pressure taps to sufficiently map the pressure distribution (Yeo et al., 
2012). This section of the thesis addresses the relationship between a single chord-wise pressure tap 
and its relationship to integrated chord-wise pressure co-efficient for the purpose of reducing the 
number of taps and the size of a pressure-sensing system. 
 
5.1 Correlation sensitivity of a single pressure tap to integrated Cp with 
varying chord lengths;  
5.1.1 An initial study on a flat plate airfoil. 
 
The design limitations of the pressure modules only allowed pressure tapping between 1% – 51% of the 
chord due to the structural issues associated with full chord-wise pressure acquisition detailed in 
chapter 2.1.3. Due to this limitation, it was unclear how integrated pressures, within the allowable 
chord range, would affect the correlation between local and integrated Cp’s. A flat-plate airfoil with 
a semi-ellipsoidal leading edge and tapered trailing edge was used to identify differences when using 
50% and 76% of the airfoil. As the airfoil was manufactured using rapid prototype methods (3D 
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printing), pressure taps, which run along the span of the wing and interconnect to PVC tubes, could 
be easily integrated into the flat plate airfoil. It was assumed that the majority of pressure variation 
would occur within the region of the chord where the majority of lift is generated, in this case between 
0 and 50% X/c. The airfoil was enclosed in a box structure for 2D flow. The experiment was under a flow 
velocity of 7ms-1. Further details of the flat-plate experiment are provided in Appendix C. 
 
Acquired surface pressures over the chord were used to obtain the instantaneous local and 
integrated Cp’s. The unsteady pressures were then used in the correlation study to evaluate if a robust 
relationship between local and integrated Cp existed, and if so, would there be sufficient confidence 
when a local Cp is used to approximate an integrated chord-wise Cp.  
 
The correlation study does not serve as a parametric study where the accuracy of the correlation 
coefficient is crucial. It is an approximate measure of the linear relationship between two random 
variables. A correlation coefficient of 1 suggests a perfectly linear relationship between two variables. 
Two random variables holding a correlation coefficient above 80% is generally considered to be 
acceptable and the relationship between the two variables can be defined as proportionally linear. 
The contrary case is one of low correlation where the correlation coefficient between two random 
variables remains low (eg.    𝑟!" < 0.4    𝑜𝑟    40%). Although a relationship between two random variables 
may be low, a relationship between the two can be formed, however this relationship would hold little 
confidence if one variable was used to approximate the other.  
 
In order to assess the influence of each chord-wise location on integrated Cp over the airfoils under 
turbulent conditions, the pressures at each tap were correlated against the overall integrated Cp 
using a covariance algorithm featured in equation 5.1.  
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                                                                                                                    𝑟!" 𝑚 = 𝐸 𝑥!!! − 𝜇! 𝑦! − 𝜇! ∗                                                              (5.1) 
 
Where:  𝑟!" is the covariance of variables x and y at length m, µx and µy are the mean values of the two 
stationary random processes, * denotes the complex conjugate, and E{ } is the expected value 
operator (Orfanidis, 1996).  
The two variables used in the covariance algorithm are time-varying Cp and time-varying integration 
of chord-wise Cp using the trapezoidal integration method. Integration was only applied across each 
pressure tap with no interpolation to the theoretical stagnation or reattachment points on the LE or TE. 
A covariance algorithm (equation 5.1) was used to gather the correlation coefficients between local 
and integrated Cp. MATLAB, a mathematical software package, was used for its ability to efficiently 
process and correlate large amounts of data. This covariance algorithm native within MATLAB code 
(xcov) was used extensively throughout the correlation analysis presented within this chapter.   
 
 
Figure 52: Correlation difference between 76% chord-wise integration and 50% chord-wise integration 
for flat plate airfoil when angles of attack are below stall in turbulent flow (Ti = 7.2%, Lxx=0.21m). 
 
Figure 52 displays the correlations between a single pressure tap at various X/c locations and 
integrated Cp’s. For the 0 AOA case, the correlation between local and integrated Cp did not show 
significant differences for most of the tested chord, but a reduction is evident with increasing distance 
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downstream. For AOA of 6 degrees, the overall correlation is lower than 0 degrees AOA. The 
correlation increased by an average of 4 % when using only 50% of the chord compared with the 
correlation found when integrating over 76% of the chord. It is clear that the correlation between local 
and integrated Cp increases if a reduced portion of the chord is used to obtain integrated Cp. It must 
also be noted that the correlation trend for each AOA does not significantly change when using a 
reduced chord in the correlation function. This suggests that the identification of the tap, with the 
greatest correlation to integrated Cp, remains at the same location and is insensitive to the change in 
chord length used to obtain integrated Cp. It also suggests that the correlation between local and 
integrated Cp for each tap remains proportional to each other when using a reduced chord to 
integrate Cp as the reduction in correlation coefficient for each pressure tap reduces at the same 
rate.  
 
 
5.1.2 Correlation considerations when using 50% of the wing’s chord 
 
If the same study was performed on the NACA2313 wing, it could be concluded that lower 
correlations would occur if the integration of Cp was determined over more of the wing’s chord. It 
must be considered that using 50% of the wing’s chord may over-approximate the correlation 
coefficients between local and integrated Cp to some degree, as shown within the previous section, 
however it cannot be concluded that an overall reduction of 4% exists as airfoil geometry and 
associated flow mechanics are known to differ significantly at the same flow condition for the flat 
plate airfoil. In the studies to follow, the precision of correlation coefficients are not critical as they are 
used to: 
 
1. Evaluate if a linear relationship exists between a single pressure tap and integrated Cp 
2. Approximate strength of this relationship. For example, if correlation coefficients are above 
90%.  
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3. To determine how the relationship between a single pressure tap and integrated Cp changes 
across the chord of the wing. 
 
 
5.2 The relationship between local and integrated pressures on the 
NACA2313 wing 
5.2.1 Nominally smooth flow (Ti = 1.5%) 
 
As the inboard pressure module is located 125mm from the wing centerline and 375mm from the wing 
tip, the flow was assumed to be quasi-two-dimensional with relatively small span-wise flow. A 
correlation study, similar to that featured in chapter 5.1.1, was done to analyze the relationship 
between local and integrated Cp on the NACA2313 wing.  
 
 
  
Figure 53: Correlation between single pressure tap and integrated pressure for suction and pressure 
surface of the wing for the inboard pressure module in nominally smooth flow (Ti = 1.5%) 
Correlation between local and integrated Cp, under nominally smooth flow conditions (Ti = 1.5%), 
features in figure 53 for the inboard pressure module. The pressure surface of the wing displayed 
correlation coefficients greater than 95% for X/c locations between 10 and 26% and remained this 
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way for all AOA’s tested. Taps between 1 and 5% of the chord displayed a significant sensitivity to 
AOA changes presumably due to the influence and location of the stagnation point.  
 
The suction surface of the wing displayed similar correlation trends for AOA’s of 0 and 5 degrees with 
maximum correlations aft of the leading edge (  𝑟!"#  𝑎𝑡  14%  𝑋/𝑐), while pressure taps within the vicinity 
of 14% chord (3% < X/c < 26%) displayed correlation coefficients above 90%. AOA’s greater than 5 
degrees departed from the correlation trends found at lower AOA’s. A notable change occurred at 
15 degrees AOA where significant correlation reductions are noticed between 1 and 14% chord. The 
transition of correlation profile between 10 and 20 degrees did not display obvious transient trends. 
Figure 54 displays a correlation plot for AOA’s between 10 and 20 degrees with AOA step changes of 
2.5 degrees for finer data resolution.  
 
 
 
Figure 54: Correlation between local and integrated Cp under nominally smooth flow condition for 
AOA around stall (Ti = 1.5%) 
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Figure 55: Time-averaged pressure coefficient of AOA around stall with presence of the LSB (Ti = 1.5%) 
Figure 55 displays time-averaged Cp of the AOA range in discussion. An estimation of LSB length is 
shown within the figure using the method based on the ideas of Horton et al (1968). His method 
suggests that the start of a pressure plateau within a Cp profile gives the approximate location of 
where the shear layer separates from the wing’s suction surface. The end of the pressure plateau 
locates the point where the boundary layer transitions from laminar to turbulent (Horton, 1968, Mueller 
and DeLaurier, 2003). The resolution of pressure taps nearest to the leading edge disallowed more 
accurate estimations of LSB length, however the pressure data in figure 55 provides enough evidence 
of LSB’s and in turn its approximate location across the wing’s chord. By comparing time-averaged Cp 
data (figure 55) and the correlation between local and integrated Cp (figure 54), the minimum 
correlation for AOA between 15 and 20 degrees exist approximately in the same location as the 
estimated recirculation region within the LSB. This becomes clearer at AOA’s of 12.5 and 15 degrees 
where minimum correlation features in the approximate center of the LSB. 
 
The nominally smooth flow condition suggests correlation sensitivity to local aerodynamics across the 
chord. AOA’s between 0 and 10 degrees showed common correlation profiles for the suction and 
pressure surface of the wing. The flow within this AOA range is considered as attached with no 
evidence of LSB formation as shown in section 4.1 and 4.2. It is only at high AOA where the correlation 
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profile significantly contrasts to those found at lower AOA. As the flow is of low Reynolds number and 
turbulence intensity of 1.5%, the flow transitions gradually between an attached and separated state. 
As such, flow mechanics and their development must be highly sensitive to AOA changes, which 
could explain the chaotic nature of each correlation profile for AOA’s between 10 and 20 degrees 
(see figure 55).  
 
The nominally smooth flow conditions represent a very calm flight environment with little or no 
atmospheric wind. It is a condition that allows local flow mechanics (such as LSB’s) to fully develop 
and in turn affect the correlation study.  
 
 
5.2.2 Turbulent flow (Ti = 7.2%, Lxx = 0.21m) 
  
Figure 56: Correlation between single pressure tap and integrated pressure for suction and pressure 
surface of the wing for the inboard pressure module in turbulent flow (Ti = 7.2% Lxx = 0.21m) 
The relationship between local and integrated Cp was significantly enhanced under elevated levels 
of freestream turbulence (Ti = 7.2%, Lxx = 0.21m) as shown in figure 56. The relationship between local 
and integrated Cp held high correlation trends for all AOA’s on the suction surface of the wing with 
greatest correlation aft of the LE and gradual correlation reductions as X/c increased thereafter. The 
local pressure tap at 14% chord held correlation maximums of 𝑟!"# > 97% for AOA’s between 0 and 15 
degrees. Pressure taps within the vicinity of 14% chord (3% < X/c < 26%) displayed correlation 
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coefficients above 90%. AOA of 20 degrees still displayed high correlation with a maximum correlation 
of approximately 92% and this maximum point was positioned further upstream (X/c = 9%) relative to 
that found at lower AOA’s.  
 
The pressure surface of the wing displayed correlation coefficients greater than 95% for X/c locations 
between 10 and 26%, with lesser sensitivity to AOA changes relative to those found on the suction 
surface. Taps close to the leading edge (X/c < 9%) displayed greatest sensitivity to AOA changes due 
to the location and influence of the stagnation point. Maximum correlation coefficient existed at 17% 
chord for all AOA’s. Table 7 summarizes the correlation coefficients for the suction (tap at 14% x/c) 
and pressure (tap at 17% x/c) surface. 
 
AOA 
(degrees) 
Correlation 
Coefficient(r) 
Determination 
coefficient (r2) 
Coefficient of non-
determination  
(1-r2) 
0 0.99 0.98 2% 
5 0.99 0.98 2% 
10 0.98 0.96 4% 
15 0.96 0.92 8% 
20 0.89 0.79 21% 
Table 7: Summary of correlation analysis for the suction surface at the inboard pressure module for the 
pressure tap at 14% chord in turbulent flow (Ti = 7.2% Lxx = 0.21m). 
 
The determination coefficient (r2) was used to evaluate the “goodness of fit” of a linear model linking 
local Cp to integrated Cp (table 7). It provided an approximate measure of accuracy when a local 
Cp is used to approximate integrated Cp, while the coefficient of non-determination provides an 
approximation of error. AOA up to 10 degrees showed determination coefficients up to 0.96 resulting 
in 4% error in integrated Cp prediction. Determination coefficients reduced for AOA of 15 and 20 
degrees showing an error 8% and 21% respectively.  
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AOA 
(degrees) 
Correlation 
Coefficient 
(r) 
Determination 
coefficient (r2) 
Coefficient of non-
determination 
 (1-r2) 
0 0.99 0.98 2% 
5 0.99 0.98 2% 
10 0.98 0.96 4% 
15 0.98 0.96 4% 
20 0.97 0.94 6% 
Table 8: Summary of correlation analysis for the pressure surface at the inboard pressure module for 
the pressure tap at 17% chord in turbulent flow (Ti = 7.2% Lxx = 0.21m). 
The pressure surface displayed relatively higher determination coefficients compared to the suction 
surface of the wing at the high AOA’s shown in table 8.  
 
5.2.3 Span-wise effects on correlation between single pressure tap and integrated Cp 
The results presented in this section are derived from pressure measurements taken from the outboard 
pressure module and data acquired from this module was taken in tandem with the inboard pressure 
module.  
 
As the outboard pressure module was positioned close to the wing tip (125mm from wing tip), span-
wise influences were examined by comparing inboard and outboard results using an identical 
correlation study to that featured in the previous section.  
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Figure 57: Correlation between single pressure tap and integrated pressure for suction and pressure 
surface of the wing for the outboard pressure module in smooth flow (Ti = 1.5%) 
The suction surface correlation trends for the outer module displayed contrast significant differences 
to the correlation trends found at the inner module; however the pressure surface displayed negligible 
differences, presumably due to the favorable pressure gradient.  
 
Correlations for each AOA on the suction surface of the airfoil displayed notable reductions at X/c = 
50% and are attributed to the influence of the wing tip vortex. The influence of the wing tip vortex on 
the tap at X/c = 50% was also noticed in associated Cp profiles in section 4.2. All AOA’s displayed 
similar correlation trends between 0 and 17% X/c to those found with the inner module, however 
correlations reduced in a more assertive manner from X/c = 17% onwards when compared to the 
inner pressure module. The unusual behavior of the correlation trend at AOA of 15 degrees was similar 
to that found with the inner module with the LSB influencing correlation trend across the chord. 
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Figure 58: Correlation between single pressure tap and integrated pressure for suction and pressure 
surface of the wing for the outboard pressure module in turbulent flow (Ti = 7.2% Lxx = 0.21m) 
Correlation trends between local and integrated Cp remain similar to those found on the inboard 
pressure module and feature in figure 58. Correlation maximums remained at 14% X/c for all AOA’s 
with gradual correlation reductions as X/c increased. The most notable difference between the 
inboard and outboard pressure modules was the chord-wise location of maximum correlation at 20 
degrees AOA. Correlation maximum remained at 14% chord and did not traverse towards the leading 
edge as found when analyzing the inboard module.  
 
 The correlation profiles, relating to the pressure surface of the wing, were similar to those found at the 
inboard pressure module. Taps close to the LE displayed correlation sensitivity due to the moving 
stagnation point. Correlations above 90% existed at pressure tap location downstream of 10% chord 
with maximum correlation at 18% chord.  
 
A summary of the correlation analysis relevant to the outboard pressure module features in table 9. 
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AOA 
(degrees) 
Correlation 
Coefficient(r) 
Determination 
coefficient (r2) 
Coefficient of non-
determination 
 (1-r2) 
0 0.99 0.98 2% 
5 0.99 0.98 2% 
10 0.98 0.96 4% 
15 0.94 0.88 12% 
20 0.88 0.77 23% 
Table 9: Summary of correlation analysis for the suction surface of the outboard pressure module in 
turbulent flow (Ti = 7.2%, Lxx = 0.21m). 
Correlation and determination coefficients remained above 0.96 for AOA up to 10 degrees with less 
than 4% of the data not explained by a linear model. Lower correlation coefficients are noticed at 
higher AOA’s when compared to those found at the inboard module, however the difference in 
correlation and determination coefficients are less than 2% and 4% respectively.  
 
AOA 
(degrees) 
Correlation 
Coefficient(r) 
Determination 
coefficient (r2) 
Coefficient of non-
determination 
 (1-r2) 
0 0.99 0.98 2% 
5 0.99 0.98 2% 
10 0.98 0.96 4% 
15 0.98 0.96 4% 
20 0.97 0.94 6% 
Table 10: Summary of correlation analysis for the pressure surface of the outboard pressure module in 
turbulent flow (Ti = 7.2%, Lxx = 0.21m). 
The comparison between the inboard and outboard module shows that the relationship between 
local and integrated Cp did not appear to be sensitive to the span-wise location. Although reductions 
in correlation and determination coefficients are shown on the suction surface when comparing 
inboard and outboard modules for AOA’s, insignificant variation existed for AOA’s between 0 and 10 
degrees.  
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Comparing correlation coefficients between smooth and turbulent flow, for the outer pressure 
module, gives insight into the flow mechanics around the region. Under the smooth flow condition, LSB 
and wing tip vortex appear to influence the correlation between local and integrated Cp, however 
this is only seen on the suction surface. The portion of the chord between 0 and 17% displayed 
negligible change in correlation coefficients and trend in a similar manner to that found with the inner 
module. Significant changes are found downstream of X/c = 17% with correlations for all AOA 
reducing in a similar trend. The correlation is sensitive to the wing tip vortex and does not allow a 
relationship between local Cp and integrated Cp to form.  
 
The turbulent flow case did not display significant change when comparing correlation coefficients 
and trends between the inner and outer pressure modules. Correlations for each AOA remained 
similar to that found with the inner pressure module in correlation value and trend for all AOA. As 
observed in the associated Cp profiles (section 4.2), the correlation plots (figure 58) did not display 
evidence of LSB formations or wing tip vortex. This is due to the unsteady nature of the turbulent flow 
influencing local flow mechanics (such as LSB’s and wing tip vortices). This was also found in section 
4.2 where Cp profiles displayed insignificant variation when comparing the inner and outer pressure 
modules for turbulent flow while smooth flow Cp profiles showed evidence of LSB formations and 
influences of the wing tip vortex. It is obvious that increases in flow unsteadiness reduces the 
occurrence of local flow mechanics normally found in smooth flows, however it is advantageous in this 
case as the relationship between local and integrated Cp is strengthened. Furthermore, flow 
unsteadiness encourages the correlation trends, for each AOA, to become more consistent and 
uniform with negligible sensitivity to span-wise location. This becomes important in a turbulence 
mitigation system using pressure as the optimum pressure tap location remains at a certain chord-wise 
location and is insensitive to AOA or span-wise location.  
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5.2.4 Coherence between local and integrated Cp 
 
The correlation analysis had uncovered sufficient correlation to linearly relate local and integrated Cp 
for the majority of pressure taps on the suction and pressure surface of the wing. As mentioned 
previously, the majority of inflight perturbations are at low frequencies, however it is uncertain if the 
correlation between local and integrated Cp exists under a confined or broad frequency range. A 
spectral correlation function (coherence) was used to evaluate the correlation between local and 
integrated Cp throughout the frequency range of interest. The coherence function used within this 
analysis uses Welch's averaged, modified periodogram method and features in equation 5.2 (Stoica 
and Moses, 1997). This equation forms the basis of the “mscohere” function in MATLAB, which was used 
throughout the coherence analysis. The coherence function is known to be sensitive to data sample 
size. A comparison between two data sets taken at different sample sizes and its effect on coherence 
features in appendix D. Pressure data used in the coherence analysis was taken at 2500Hz and a 
sample time of 5 minutes provided sufficient spectra resolution under the frequency range of interest. 
More information about the coherence function features in Appendix D.1.  
 𝐶!" = |!!"|!!!!!!!                                                             (5.2) 
 
Where Cxy is the magnitude squared coherence, Pxy is the cross power spectral density, and Pxx and 
Pyy are the individual power spectral densities of variables x and y. 
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Figure 59: Spectral correlation of local and integrated Cp for all taps on the suction surface of the 
inboard module in turbulent flow (Ti = 7.2%, Lxx = 0.21m, AOA = 5 degrees). 
Figure 59 displays the coherence between local and integrated Cp for all inboard pressure taps when 
the wing was tested at an AOA of 5 degrees, a condition that typically resembles a low-altitude MAV 
cruise scenario through turbulent flow (eg. city canyons). Only frequencies up to 40 Hz are shown, as 
higher frequencies are not of interest. Each coherence line featured in figure 59, is for selected 
pressure taps and its coherence to the integrated Cp on the suction surface of the inboard pressure 
module at AOA of 5 degrees. It can be seen that the pressure taps between 9 and 18% of the chord 
held coherence above 95% in a quasi-steady manner for frequencies up to 15Hz. Other pressure taps 
displayed a weaker coherence between local and integrated Cp throughout the frequency range. 
The pressure tap at X/c = 13.5% displayed an average correlation coefficient of 97% for frequencies up 
to 25 Hz. Pressure taps located fore X/c = 5% and aft of X/c = 17% displayed an unstable local to 
integrated Cp coherence across the frequency spectra.  
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Figure 60: Coherence between local and integrated Cp comparing taps at 14% and 1.05% chord in 
turbulent flow at the inboard module (Ti = 7.2%, Lxx = 0.21m). 
Figure 60 compares the coherence between local and integrated Cp for the tap closest to the 
leading edge (x/c = 1.05%) and pressure tap holding the greatest correlation (x/c = 14%). The pressure 
tap at 1.05% has previously shown to hold a correlation coefficient of 84%, which could arguably be 
used for integrated Cp approximations. However the correlation between local and integrated Cp at 
this chord location varies considerably throughout the frequency band, with an average correlation 
coefficient of 78% for frequencies between 0 and 25Hz. The pressure tap at 14% X/c displays high 
correlation (r  > 0.95) for frequencies up to 25Hz and provides confidence in this frequency band if 
local Cp is to be used to approximate integrated Cp.  
 
The correlation study revealed reduced correlation between local and integrated Cp with increasing 
AOA. Each AOA was processed through the coherence study to evaluate the coherence sensitivity 
due to AOA changes.  
 
 
 
 
AOA = 5o 
AOA = 0o 
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Figure 61: Coherence between local and integrated Cp for AOA between 0 and 20 degrees in 
turbulent flow (Ti = 7.2%, Lxx = 0.21m). 
AOA’s between 0 – 5 degrees displayed coherence above 95% between local and integrated Cp for 
frequencies up to 25Hz, however increasing AOA reduced the frequency range where coherence 
remained above 95%. The correlation analysis, featured in the previous sections, revealed a significant 
drop in correlation at 20 degrees AOA. Correlation coefficient at this AOA was approximated at 89% 
at the optimum pressure tap location of 14% chord in the previous chapter section for the inboard 
module. The coherence study revealed that the correlation between local and integrated Cp 
remained above 90% for frequencies up to 7Hz with gradual reductions thereafter (bottom plot of 
0 AOA 
5 AOA 
10 AOA 
15 AOA 
20 AOA 
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figure 61). The coherence study suggested that although the correlation between local and 
integrated Cp reduced as AOA increases, relatively high correlations (r > 90%) could exist at high 
AOA, albeit at lower frequencies.  
 
 Figure 61 once again reveals the contrast of correlation between the most forward pressure tap (X/c 
= 1.05%) and optimal pressure tap (X/c = 14%) for all AOA’s tested. The optimum pressure tap 
displayed high correlation up to a specific frequency, while the most forward pressure tap displayed 
random and discrete frequencies of weak correlation across the frequency range. Using the optimum 
pressure tap within a stability system would result in unbiased approximations of integrated Cp’s for 
frequencies up to 25Hz.  
 
Coherence helps explain the limitations of using a single pressure tap, on the suction and pressure 
surface at the optimum chord-wise location, to approximate integrated Cp for a chord-wise strip. It 
can also be concluded that these limitations are frequency dependent as each AOA displays 
frequency bands of high and low coherence. For AOAs up to 15 degrees, the coherence between a 
single pressure tap and integrated Cp remains above 90% up to a frequency of 25Hz. Approximations 
of integrated Cp using the pressure tap at 14% chord can be done with sufficient confidence and 
minimal error within this frequency band. It is only when the flow becomes highly separated, in this 
case at 20 degrees AOA, when unbiased approximations of integrated Cp, using the pressure tap at 
14%, only exist up to 10 Hz. It can be safely assumed that the aircraft AOAs between 0 and 15 degrees 
would cover the majority of MAV attitudes when in a cruise or loiter scenario. Approximating 
integrated Cp using a single pressure tap, in these flight scenarios, can be done with sufficient 
accuracy up to 25 Hz. Approximations are also valid in high AOA scenarios (such as perching on a 
building’s ledge etc.) however at lower frequencies than what is capable at lower AOAs.  
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5.2.5 Consideration of bias errors in coherence and its effect on integrated Cp 
approximations  
 
The coherence function used in section 5.2.4 is subjected to bias errors. The amount of error is relative 
to the coherence of data and amount of data processed through the coherence function. The 
normalized error within the coherence function is expressed in equation (5.3)(Bendat and Piersol, 
2000). 𝜀 𝛾! = ! !!!!"!!!"! !!                                                     (5.3) 
Where 𝜀 𝛾!  is the normalized coherence error, 𝛾!"!  is the RMS coherence between two variables at a 
certain frequency and 𝑛! is the number of averages used in the coherence function.  
 
Note that the equation suggests that 𝜀 𝛾!  approaches zero as either 𝑛!  approached infinity or 𝛾!"!   approaches 1. The calculation of error for each 5-minute sample (each AOA) can be calculated 
for a range of frequencies by using the average coherence within that range. For instance, the AOA 
of 5 degrees has an average coherence of 0.96 between the frequencies of 0 and 25 Hz averaged 92 
times through the coherence function. This produces a random normalized error of +/-1.3% and hence 
a 95% confidence interval for the true value of coherence within this frequency range is 
(0.947 < 𝛾!"!  < 0.973). 
The error within the specified frequency range is relatively small and could be neglected, however if 
local Cp was used to approximate integrated Cp in a stand alone autopilot system, the system would 
typically use a small portion of data or one data point from local Cp measurements to approximate 
integrated Cp per span-wise segment. For a smaller sample size, the coherence between local Cp 
and integrated Cp within this frequency range is lower and has greater bias error. Taking the worst-
case scenario with 1 average, the bias error in approximating integrated Cp from local Cp is +/-12% 
giving a 95% confidence that the coherence within this frequency range is  
(0.84 < 𝛾!"!  < 1). 
Furthermore, if 2 averages were used the error would reduce to +/-8.5%. 
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For higher AOA’s the average coherence for the frequency range of 25Hz decreases and would result 
in a larger coherence error between local and integrated Cp, however most coherences are higher 
than 0.95 which only produces small coherence errors.  
 
The coherence between local and integrated Cp is reliant on the processing power of the controller it 
is applied to. A 50Hz system using 1 data measurement of local Cp would approximate integrated Cp 
in 0.02 seconds with the greatest bias error of +/-12% for an average coherence of 96% between 0 
and 15Hz (the 5 degree AOA case). The same system could possibly use 2 data points to approximate 
integrated Cp with a less coherence error of +/-8%, however with double the lag at 0.04 seconds. The 
coherence error is now more associated with the processing power available. Coherence errors will 
be reduced if a faster system of processing is available. For instance, a 150Hz system would be able to 
approximate integrated Cp in 0.007 seconds with greatest bias error of +/-12%, or use 3 data points to 
approximate integrated Cp at 0.02 seconds at significantly lesser error of +/-6%. Figure 61 shows error 
as a function of the number of averaged samples for coherences above 0.80.  
 
 
Figure 61: Normalized error of coherence between two variables vs number of averages (Bendat and 
Piersol, 2000) 
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5.3 Approximating span-wise sectional lift using a single pressure tap  
 
The correlation and coherence study has revealed adequate correlation and coherence between 
the optimum pressure tap at X/c = 14% and integrated Cp. On this finding, a simple linear model can 
be used to approximate lift for span-wise section of the wing if it is assumed that integrated Cp equals 
lift for small AOA’s (AOA < 5 degrees).  𝐿 ≈ 𝐶! 𝑑𝑥                                                            (5.4) 
 
For larger AOA’s, an accurate relationship between lift and integrated Cp needs to include AOA and 
is represented by equation 5.5. For MAV flight in smooth flow conditions, AOA can be assumed to 
remain constant, however turbulence causes inflight perturbations in all axes. Wind-tunnel experiments 
were performed by statically holding the MAV steady for each AOA tested. In the real in-flight 
scenario, the angle of incidence must be measured directly by an IMU and considered when 
approximating span-wise lift (equation 5.5).  
 𝐿 ∝ cos𝛼 𝐶𝑝  𝑑𝑥                                                        (5.5) 
 
The correlation analysis gave evidence of linear proportionality between local and integrated Cp and 
can be described through equation 5.6. 
 𝐶!𝑑𝑥   ∝ 𝐶!"#$!"                                                                      (5.6) 
 
This expands into the linear relationship of: 
 𝐶!𝑑𝑥 = 𝐾𝐶!"#$%" + 𝐶                                                               (5.7) 
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Equation 5.7 can be substituted into the lift equation 5.5 to describe the relationship between a local 
pressure tap and lift for a local span-wise lifting vector on the wing (equation 5.8).  
 𝐿 = 𝐾𝐶!"#$%" + 𝐶 𝑐𝑜𝑠𝛼                                                          (5.8) 
 
Visualization of the linear relationship between local and integrated Cp is shown in figure 62 for both 
the inboard and outboard modules. A 50 second portion of data was plotted for all AOA’s between 0 
and 15 degrees. The trapezoidal integrated method was used for integrated Cp approximations.  
 
 
Figure 62: Scatter plot of Integrated Cp vs local Cp for the suction surface of the NACA2313 wing in 
turbulent flow for pressure taps at 14% chord (Ti = 7.2%, Lxx = 0.21m).  
AOA’s up to 15 degrees displayed a common gradient with data scatter caused by the deviation of 
the oncoming vertical flow vector shown in figure 62. Data scatter above and below the linear 
regression line directly relates to the correlation analysis in section 5.5 and is quantified by the 
coefficient of non-determination. The outboard module showed increased scatter at 15 degrees and 
coincides with the determination coefficient of 0.88. For both modules, AOA’s between 0 and 10 
degrees showed an average error of Cp +/- 4% when approximating integrated Cp using local Cp 
measurements. AOA of 15 degrees displayed a greater error of Cp +/- 5% for the inboard module and 
Cp +/- 6% for the outboard module.  Data relating to an AOA of 20 degrees are shown in figure 63 as 
the degree of data scatter overshadowed the visualization of the linear trend at lower AOA’s.  
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Figure 63: Scatter plot of Integrated Cp vs local Cp for the suction surface for 20 degrees AOA of the 
NACA2313 wing in turbulent flow for pressure tap at 14% chord (Ti = 7.2%, Lxx = 0.21m)..  
Data relating to 20 degrees AOA displayed increased data scatter due to an increase of flow 
unsteadiness on the suction surface of the wing (figure 63). The diagonal range of the scatter plot is 
seen to extend into the regions where lower AOA data existed. Similarities are found within section 4.1 
where CpRMS significantly increased at 20 degrees AOA relative to those found at lower AOA’s, and 
was concluded to be a result of the formation and burst of the vortical cores. Although the data 
scatter is larger than those found under lower AOA, determination coefficients above 0.77 allow for 
approximations of integrated Cp at lower confidence and error of 𝐶!+/- 0.11 for both the inboard 
and outboard modules. 
 
A basic linear trend-line was applied to each data set for the inboard and outboard pressure modules 
to define the relationship between local Cp and lift for the suction surface of the wing (equation 5.9 & 
5.10): 
 𝐿 ≈ 0.38𝐶! − 0.03 𝑐𝑜𝑠𝛼           Inboard module                                                  (5.9) 𝐿 ≈ 0.38𝐶! − 0.03 𝑐𝑜𝑠𝛼          Outboard module                                                (5.10) 
 
Both inboard and outboard modules hold identical linear equations (to 2 decimal places) defining the 
relationship between local Cp and lift. Although this may seem suspect, there has been no indication 
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of significant span-wise variation between the inboard and outboard pressure module when exposed 
to turbulent flow.  
 
 
Figure 64: Scatter plot of Integrated Cp vs local Cp for the pressure surface of the NACA2313 wing in 
turbulent flow for pressure tap at 18% chord (Ti = 7.2%, Lxx = 0.21m).  
Figure 64 displays scatter plots linking local Cp and integrated Cp for the pressure surface of the wing. 
The pressure tap at 18% chord is considered the optimum pressure tap location for the pressure 
surface found in section 5.2.2. Both the inboard and outboard pressure modules displayed linearity 
between local and integrated Cp, which linked well with the correlation coefficients found in previous 
chapter sections. Unlike the suction surface, 15 and 20 degrees AOA did not display increased data 
scatter relative to lower AOA. As seen in the chapter 4, the standard deviation of pressures are 
significantly lower than those found with the suction surface and were concluded to be due to the 
favorable pressure gradient eliminating flow separation. The average error when using local Cp to 
approximate integrated Cp was measured to be 𝐶! +/- 4% throughout all AOA’s linking with the 
correlation coefficients of 95% found in chapter section 5.2 and furthers evidence of insensitivity to 
AOA changes. The equations characterizing the relationship between lift and local Cp are defined in 
equation 5.11 and 5.12. 
 𝐿 = 0.35𝐶! + 0.02 𝑐𝑜𝑠𝛼           Inboard module pressure                                      (5.11) 𝐿 = 0.35𝐶! + 0.04 𝑐𝑜𝑠𝛼          Outboard module pressure                                    (5.12) 
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Although a linear relationship was defined between local Cp and sectional lift, it was done under a 
specific turbulence level, length scale and tunnel condition. The link between a local pressure tap and 
approximate integrated Cp must be able to be defined under various turbulence conditions including 
smooth and low turbulence flow, as the replication of a turbulent environment is limited to the test 
section size of a wind tunnel. Larger tunnels will be able to produce larger turbulence length scales 
(greater than 0.21m) and homogenous flow if the test section is sufficiently large enough to allow for 
appropriate flow mixing. Small aerodynamic wind tunnels may have very smooth flow properties, 
however their size limits the generation of turbulence scale and perhaps intensity.  
 
Using data obtained under nominally smooth flow conditions (Ti = 1.5%), local and integrated Cp’s 
were averaged over a 300-second sample. The time-averaged local Cp at the location of the 
optimum pressure tap was plotted against the time-averaged integrated Cp for each AOA. Time-
averaged local and integrated Cp for each AOA was then consolidated on a single figure and 
represented as data points on figure 65. These data points are plotted against the equation linking 
local and integrated Cp found using data obtained through turbulent flow experiments. 
 
 
Figure 65: Comparison plot between derived sectional lift equation and smooth flow data for the 
inboard pressure module. 
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The integrated Cp and local Cp were plotted against each other and held for AOA between 0 and 
20 degrees following the derived linear equation relating local Cp to the chord-wise sectional lift for 
the inboard pressure module. The data obtained through smooth flow experiments displayed a 
maximum deviation of +/-2% to the chord-wise lift equation obtained from turbulent flow results for 
both the suction and pressure surfaces.  
 
 
Figure 66: Caparison plot between derived sectional lift equation and smooth flow data for the 
outboard pressure module. 
Figure 66 displays the results for the outboard pressure module. Smooth flow results closely followed the 
equation defined through turbulent flow results with a maximum deviation of +/- 2% for the pressure 
surface. The suction surface displayed a higher maximum deviation (+/-5%) when smooth and 
turbulent flow results are compared, which can be seen in the left plot of figure 66, however the 
gradient between the two data sets remained similar.  
 
Using basic linear trend line methods, a linear equation was defined for the nominally smooth flow 
experimental data and compared to equations derived from data obtained through turbulent flow 
experiments.  
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 Smooth (Ti = 1.5%) Turbulent (Ti = 7.2%, Lxx = 0.21m) 
Inboard Suction 𝐶!𝑑𝑥 = 0.38Cp – 0.04 𝐶!𝑑𝑥 = 0.38Cp – 0.03 
Outboard Suction 𝐶!𝑑𝑥 =  0.38Cp – 0.03 𝐶!𝑑𝑥 = 0.38Cp – 0.03 
Inboard Pressure 𝐶!𝑑𝑥 =  0.35Cp + 0.02 𝐶!𝑑𝑥 = 0.35Cp + 0.02 
Outboard Pressure 𝐶!𝑑𝑥 = 0.35Cp + 0.03 𝐶!𝑑𝑥 = 0.35Cp + 0.04 
Table 11: Summary of linear equations linking sectional lift to local Cp 
Only marginal differences are seen between smooth and turbulent data sets when a linear trend 
between lift and local Cp are derived (table 11). Either method could be used to relate local Cp to 
span-wise integrated Cp or lift, if the cosine of AOA is introduced.  
 
For AOA’s above 5 degrees, the suction surface can be used to represent the lift for a span-wise 
section of the wing, as the pressure variation due to turbulence is not significant on the pressure 
surface of the wing. This was shown in section 4.3 in the time-varying Cp profiles at AOA of 20 degrees 
in turbulent flow. AOA’s above 5 degrees also share a similar Cp profile on the pressure surface of the 
wing, which suggests similar aerodynamic forces (see section 4.2.2). For AOA’s at or below 5 degrees, 
the Cp profile of the pressure surface is sensitive to changes in AOA and oncoming flow vector. This 
was clearly seen in the time-varying analysis of Cp profiles at 5 degrees AOA in section 4.2.2.1 where 
significant Cp variation was noticed under turbulent flow conditions for both the suction and pressure 
surface of the wing. To account for all AOA’s within the MAV mission, the addition of the suction and 
pressure surface equations results in an equation that represents lift for each span-wise section of the 
wing. Using the suction and pressure surface for sectional lift approximations also enhances accuracy. 
 𝐿! = 𝑁!"#$%!",! − 𝑁!"#$$%"#,!                                                            (5.13) 
 
Where “i” represents a pressure tap and its corresponding lift at a span-wise section in the stability axis 
system. 
 
By introducing the equations defined in table 10 we obtain: 
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 𝑁!"#"$"%&,!""#$ ≈ 0.38𝐶!,!"#$%&' − 0.03 𝑐𝑜𝑠𝛼 − 0.35𝐶!,!"#$$%"# + 0.02 𝑐𝑜𝑠𝛼                        (5.14) 𝑁!"#"$"%&,!""#$ ≈ (0.38𝐶!,!"#$%&' − 0.35𝐶!,!"#$$%!" − 0.05)𝑐𝑜𝑠𝛼                                     (5.15) 
 
The derivation can also be performed for the outboard pressure module: 
 𝑁!"#"$"%&,!"#$% ≈ 0.38𝐶!,!"#$%&' − 0.03 𝑐𝑜𝑠𝛼 − 0.35𝐶!,!"#$$%"# + 0.03 𝑐𝑜𝑠𝛼                        (5.16) 𝑁!"#"$"%&,!"#$% ≈ (0.38𝐶!,!"#$%&' − 0.35𝐶!,!"#$$%"# − 0.06)𝑐𝑜𝑠𝛼                                   (5.17) 
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5.4 Chapter discussion 
Correlation between single pressure taps and chord-wise integrated Cp, for two span-wise sections of 
the NACA2313 wing, was done to determine whether a local pressure tap could be used to 
approximate sectional integrated Cp and hence lift for a specific span-wise section. Correlation 
profiles, under nominally smooth flow conditions, were similar to those found when the wing was tested 
under the turbulent flow condition for AOA’s up to 10 degrees. Contrasts were found at AOA’s 
between 10 and 20 degrees and is thought to be the cause of LSB flow mechanics. The correlation 
analysis, for the turbulent flow case displayed a correlation profile consistency throughout the entire 
AOA range, which could be due to the turbulent flow disallowing LSB development and in turn not 
significantly influencing the correlation profile for each AOA. This also coincides with section 4.2.2 as 
turbulence did not allow the development of a LSB or tip vortex.  
 
The turbulent flow case is of primary interest as it represents MAV flight through low-altitude turbulent 
environments (e.g. city canyons). Correlations above 60% resulted for all individual pressure taps when 
correlated to integrated Cp for all AOA tested above stall for the suction surface of the wing. Higher 
correlations existed (r > 80%) for AOA below stall (0 – 10 degrees) and allowed for any tap, within the 
tested chord range, to be used to approximately integrate Cp in a proportional manner, however 
locating the optimum chord-wise pressure tap would ensure high correlation up to frequencies of 
25Hz. Other taps revealed weaker correlations at random and discrete frequencies. 
 
Maximum correlation between local and integrated Cp, for a span-wise section, was located at X/c = 
14%, and remained maximum at this chord location throughout the AOA range. The tap located at 
14% chord was regarded as the optimum location for integrated Cp and sectional lift approximations 
for the wing as it held high correlation and determination coefficients above 95%. AOA post stall (>10 
degrees) revealed correlation coefficients greater than 75% with coherence above 95% for 
frequencies up to 15 Hz. Correlation and coherence at high AOA’s (AOA = 15 & 20 degrees) reduced 
with increased levels of unsteady separated flow (thought to be due to vortical core flow mechanics), 
however correlation existed above 85% for frequencies up to 10 Hz.  
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The pressure surface of the wing revealed correlation coefficients above 95% between local and 
integrated Cp for x/c location greater than 10%, with the pressure tap at 17% showing highest 
correlation, and was regarded as the optimum pressure tap for the pressure surface of the wing. 
Significantly lower correlations existed for the first 10% of the chord suggesting high sensitivity to the 
moving stagnation point around the LE when the AOA of the wing was increased. This occurred for 
both inboard and outboard modules and at each flow condition. The first pressure tap (X/c = 1.05%) 
displayed the lowest correlations at AOA of 10 and 15 degrees and coincided with the stagnation 
point found in corresponding Cp profiles plots in section 4.2.2. The movement of the stagnation point 
on the wing interferes with the relationship between local and integrated Cp.  The correlation study 
suggested insignificant sensitivity to AOA changes for x/c locations greater than 10% due to the 
favorable pressure gradient and absence of separated flow.  
 
Although the location of the optimum pressure taps (for the suction and pressure surface) were 
discovered in the correlation study, there are no obvious features within the data which could explain 
why they exist at X/c = 14% on the suction surface and at X/c = 17% on the pressure surface. The 
optimum pressure tap location at X/c = 14%, on the suction surface, does not coincide with maximum 
suction pressure, peaks in CpRMS or any other graphical features when data was plotted. It was also 
thought to be related on the parametric shape of wing’s airfoil section (NACA2313), however its 
maximum thickness resides at X/c = 30% and maximum camber at X/c = 39%, which does not coincide 
with the optimum chord-wise pressure tap. This was also experienced when looking at the optimum 
chord-wise pressure tap location on the pressure surface. The optimum pressure tap locations here are 
specific to the NACA2313 wing and cannot be assumed to be valid for wings of different airfoil 
sections. It can be hypothesized that the optimum pressure tap location resides between the LE and 
the point of maximum airfoil thickness for other wings and airfoils, however more accurate 
approximations of its location are not theoretically possible and could not be related to any 
aerodynamic or parametric features. A survey of wings with different airfoil shapes subjected to a 
similar correlation study may shed light on why optimum pressure taps exist where they do along the 
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chord, however this thesis focuses on the use of a single chord-wise pressure tap to resolve for 
turbulent induced rolling moment and how this may be applied for a turbulence mitigation system.  
 
The relationship between local and integrated Cp is linear. On this basis, one variable could be used 
to approximate the other with confidence (approximation error of 4%) especially for AOA’s between 0 
and 10 degrees. Defining the relationship between the two variables could be done either through 
turbulent or nominally smooth flow conditions as described in the previous section. This discovery 
allows the use of a single pressure tap, on the suction and pressure surface of the wing, to 
approximate chord-wise integrated Cp and lift for a span-wise strip with confidence. A series of 
pressure taps, at the optimum chord location, spanning along the wing, could allow for pressure 
mapping of an entire wing and significantly reduces the number of taps needed to do so. More 
importantly, lift can be resolved at each span-wise section and resolved around the aircraft centerline 
to approximate turbulence induced rolling moments.  
 
Research by Ravi et al (2011) performed a similar correlation study on a flat plate airfoil. That study 
revealed that increasing turbulence intensity and length scale increased the overall correlation 
between local pressure taps and integrated Cp, however the shape of each correlation profile 
remained similar throughout each turbulence condition. Although this suggests that turbulence level 
affects the amount of correlation between a pressure tap and integrated Cp, the location of the tap 
that holds the highest correlation to integrated Cp (the optimum pressure tap) may not change with 
varying turbulence conditions. By this hypothesis, the locations of the optimum pressure taps (X/c = 
14% suction surface, X/c = 17% pressure surface) remain at that location under various turbulence 
conditions.  
 
The coherence study also brings upon questions of scale. As MAV scale increases, the frequency 
response to turbulence reduces. Likewise, the reduction of MAV scale increases the frequency 
response to turbulence and increases roll rates (Abdulrahim et al., 2010) if flight velocity remains 
constant. The relationship between a local Cp and lift has been proven to exist for frequencies up to 
25Hz which extends beyond the capability of human pilot control, however this discovery was 
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achieved through a specific size of aircraft, a specific turbulence flow condition and at one flight 
velocity.  
 
 
5.5 Chapter conclusions 
 
• A single tap along the chord can be used to approximate integrated Cp or lift for a specific 
span-wise section along the wing. 
• The relationship between local and integrated Cp is a linear relationship and remains linear for 
AOA’s up to 20 degrees with correlation coefficients greater than 60% for chord-wise pressure 
taps for x/c locations between 0 and 50%.  
• A specific pressure tap location along the chord has the ability to approximate integrated Cp 
with high levels of confidence (correlation >95%) for frequencies up to 25Hz and can be 
considered as the optimum chord location for integrated Cp and lift approximations. 
• The linear relationship between local and integrated Cp can be defined when testing in low 
turbulence intensity flows. 
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Chapter 6 
 
 Theoretical application of wing 6
pressure measurements for control 
input 
 
 
 
The sensing of pressure on the wing of a MAV allows for direct measurement of turbulence and has 
the potential to offer time-forward information on an aircraft perturbation as this concept directly 
measures the source of the perturbation, pressure fluctuations from turbulence, while other IMU 
stability system measure aircraft response. The selection of a single chord-wise pressure tap, to 
approximate span-wise sectional lifts, gives confidence in approximating turbulence induced rolling 
moment without the need of fully instrumenting the MAV. The accuracy of resolving the span-wise 
distribution is proportional to the number of span-wise pressure taps. This chapter details how pressure 
can be resolved into a roll disturbance that can be used by a turbulence rejection system  
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6.1 Turbulence Induced Roll (TIR) moment from pressure 
measurements 
 
6.1.1 Theory of resolving TIR 
TIR moment measurement can be derived from span-wise integration of lift force on each semi span 
and resolving moments around the aircraft centerline.  
 
 
 
 
 
 
 
 
 
Where N is the normal lifting vector per lift segment, X is the distance between the aircraft centerline 
and pressure taps on the suction (S) and pressure (P) surface of the wing. 
 
Figure 67 displays a semi-span with span-wise lift distribution split into 2 lifting segments. If we assume n 
equal span-wise sections of lift, the lift of each semi-span can be expressed as: 
 𝐿! = !!! 𝑁!! + 𝑁!!……+ 𝑁!"                                                     (6.1) 𝐿! = !!! 𝑁!! + 𝑁!!……+ 𝑁!"                                                                (6.2) 
 
X1 
X2 Pressure taps 
NR1 NR2 
Nsemi-span 
S1 S2 
P1 P2 
Figure 67: Span-wise lift distribution approximations using basic strip theory  
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Where: NR is estimated semi-span lift on the right side of the wing, NL is the lift represented by the left 
side of the wing and n denotes the number of pressure taps present on each semi-span. 
 
The assumption of aircraft symmetry allows for the equation to be applied for both semi-spans of the 
wing. To resolve for a turbulence-induced lift perturbation (LTurb), left and right lift approximations can 
be summed together.  𝐿!"#$ = 𝑏 𝐿! + 𝐿!                                          (6.3) 
 
As the main focus is aircraft rolling moment, TIR moment approximations (lTIR), can be approximated 
using the equations below using the summation of moments around the aircraft centerline:  
 𝑙!"# = 𝑥!𝑁!! !!! + 𝑥!𝑁!! !!!… . . 𝑥!𝑁!" !!! − 𝑥!𝑁!! !!! − 𝑥!𝑁!! !!!……− 𝑥!𝑁!" !!!            (6.4) 
 
Which simplifies to: 
 𝑙!"# = 𝑥! !!! 𝑁!! − 𝑁!! + 𝑥! !!! 𝑁!! − 𝑁!! …… .+𝑥! !!! 𝑁!" − 𝑁!"                               
(6.5) 
 
Sectional lift (N) can be approximated using the equations 5.15 and 5.17 defined in chapter 5.7. 
Substituting sectional lift for each span-wise section allows for approximations of turbulence-induced 
moment coefficient using equation 6.6. 
 𝐶!!"# = !!"#!.!!!!!"                                                          (6.6) 
 
Where 𝐶!!"# is the TIR moment coefficient, 𝑙!"# is the TIR moment, 𝜌 is the density of air, 𝑉 is the flight 
velocity and 𝑏 is the span of the wing. 
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6.2 Introducing TIR into the lateral equation of motion 
 
It has been shown in chapter 5 that the relationship between local and integrated Cp is linear 
therefore resolving pressure into TIR moment can also be defined as a linear relationship and allows TIR 
moment coefficient to be introduced as a disturbance variable within the lateral equation of motion 
to describe the aircraft’s total lateral motion. 
 
The TIR moment coefficient can be added to the general lateral equation of motion by simply adding 
the aircraft rolling moment coefficients with the disturbance coefficient.  
 𝐶!! = 𝐶!! + 𝐶!!"#                                                      (6.7) 
Where 𝐶!! is the total aircraft rolling moment coefficient, 𝐶!! is the rolling moment coefficient due to 
aircraft components and 𝐶!!!" is the rolling moment coefficient due to turbulence.  
 
Using the simplified rolling moment coefficient equation defined in chapter 3, total aircraft rolling 
moment can be approximated using equation 6.8 for a neutrally stable (aerobatic) aircraft such as 
the Flash model where there is negligible coupling between components.  
 𝐶!! = 𝐶!!"#𝑙!"# + 𝐶!!"𝛿!                                                (6.8) 
 
Equation 6.9 is the complete aircraft rolling moment coefficient equation including the TIR moment 
disturbance, which would commonly be used for various MAV designs.  
 𝐶!! = 𝐶!!𝛽 + 𝐶!! !"!! + 𝐶!! !"!! + 𝐶!!!𝛿! + 𝐶!!"𝛿! + 𝐶!!"#𝑙!"#                              (6.9) 
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6.3 Control equivalent disturbance 
The disturbance term, within the simplified aircraft roll coefficient equation (equation 6.8), can only 
measure disturbances in roll. In a smooth flow environment with no aileron deflection, individual taps 
along the span approximating sectional lift should be symmetrical about the aircraft centerline where 
the output rolling moment coefficient will equal zero. When the MAV is exposed to turbulence, the 
skew in span-wise lift distribution will produce a TIR moment. The TIR moment is useful as it provides a 
measure of how much rolling moment is required to be counteracted by an opposing force, and in 
this case by opposing aileron deflection. A turbulence mitigation condition can be applied by 
deriving a condition where the total aircraft rolling moment must be equal to zero. The turbulence 
mitigation condition is defined in equation 6.10.  
 0 = 𝐶!!"#𝑙!"# + 𝐶!!"𝛿!                                                          (6.10) 
 
In a perfect system that implements the turbulence mitigation control theory, ailerons will be deflected 
and counteract any TIR moment that would have been previously resolved for using pressure sensing 
across the MAV’s span. However for a relatively small number of pressure taps (as used here), there will 
generally be some error associated with the lack of pressure data across the entire wing area. As such, 
the system could deflect the ailerons either too much or too little to mitigate TIR. This also suggests that 
the aircraft may not be completely level after a roll disturbance. 
 
 It must be considered that the pressure system does not hold an absolute reference like typical IMU 
systems. For example, systems using IMU sensors have the advantage of locating the center of the 
earth as a result of sensing gravity. For typical systems using IMU sensors, a simple steady level flight 
condition is one where the vector angle between gravity and roll must be perpendicular. In other 
words, roll is typically referenced to the force vector brought upon by gravity. The system will always 
have a consistent reference and will return the aircraft to a level flight condition. The turbulence 
mitigation system does not have an absolute reference and cannot determine if the aircraft is laterally 
level at any point in time. As a result, the turbulence mitigation system, using pressure sensing on the 
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wings, cannot be regarded as a stand-alone system or a complete replacement for an IMU roll 
stability system. It may be coupled with another active or passive stability system to account for 
incomplete information in span-wise pressure distribution and its subsequent potential error in 
determined and applied aileron deflection. A novel approach in system amalgamation is to delegate 
the two systems to govern different portions of the frequency spectra. Low frequency perturbations 
can be dealt with by either passive means (dihedral or pendulum lateral stability), or active means (an 
IMU system). This could account for the correction of error, brought about by the lack of complete-
wing pressure information from the turbulence mitigation system, and will return the aircraft to 
nominally level condition when needed. The high frequency perturbations may be dealt with by the 
turbulence mitigation system.  
 
 
 
 
 
 
 
 
 
 
The crossover frequency between the two systems would not be a universal value but rather a value 
that would suit the aircraft itself including size and flight velocity. If a human pilot was actively 
controlling the MAV, the crossover frequency would be between 0.5 to 2 Hz as the human control 
response is capable of up to 4Hz (Abdulrahim et al., 2010). This allows for the turbulence mitigation 
system to be sensitive to rolling moments induced by turbulence, while it ensures negligible reaction to 
low frequency roll inputs from user defined control or control corrections needed to return the aircraft 
to a nominally level condition due to errors in approximating TIR. Thus, high frequency roll 
Control 
response 
Frequency 
Turbulence Mitigation System 
Active or Passive stability at low frequency 
User defined response crossover 
Figure 68: Spectral response separation between the turbulence mitigation system and 
active/passive stability system. 
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perturbations, caused by turbulence, will be corrected by the turbulence mitigation system while 
passive lateral stability (eg. dihedral or pendulum stability) or active stability (human or IMU control) will 
account for low frequency perturbations due to errors from TIR measurements. 
 
 
6.4 Implementation into a control feedback system 
6.4.1 A common single loop roll control system 
Although the controller design is important to the overall control effectiveness of the system, this thesis 
addresses the implementation of TIR from pressure sensing on the aircraft’s wings, and how that could 
be implemented into control design. As pressure can be used to approximate TIR moment, the signal 
needs to be transferred to roll acceleration by modifying the lateral equation of rolling motion 
(equation 6.11). Note the principle axis is used so that 𝐼!" = 0 assuming a symmetrical aircraft.   
 𝑝 = !"#!!" !!!!!!!                                                                 (6.11) 
Where TIR is the turbulence induced rolling moment, 𝑝 is the roll acceleration; q is the aircraft’s pitch 
rate,	  r	  is the aircraft’s yaw rate and I is the inertia for the x, y and z axes.  
 
The roll rate is differentiated to produce roll acceleration which is used within a typical control system. 
The disturbance signal from sensing TIR moments can be implemented into a single loop feedback 
system at the start of the chain feeding information to the system’s error function. 
 
Classical control methods using the single loop feedback system can be modified to include the 
turbulence induced rolling moment from pressure sensing. A simple feedback loop system features in 
figure 69. 
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The single loop feedback system’s main function is to measure the error between the input and the 
output of the complete system. Figure 70 shows how a single loop feedback system can be used for 
roll-rate control. The input of the system is desired roll-rate, whereby a command is given by the pilot 
(or autopilot) to initiate an aircraft roll. As the command is given, the signal passes through the 
controller, which actuates the ailerons to roll the aircraft. As the ailerons are deflected, the aircraft rolls 
in a manner dictated by its lateral dynamics with possible contributions from aerodynamic features 
such as wing sweep, dihedral and other aircraft features depending upon aircraft configuration. 
Various contributions to rolling moment are described in equation 6.9. The change in roll moment is 
measured by an IMU sensor feeding back the aircraft movement measured in 6 DOF, however in this 
particular system, roll rate is the primary signal fed back to the error function. The largest error occurs 
at t=0 when the initial roll moment command is given and the error between input and output signal is 
largest. As the aircraft rolls, the error between the desired roll moment and the aircraft roll moment 
reduces until the error between input and output equals zero. When the aircraft is at the desired bank 
angle, the control system will maintain the commanded roll moment until the input command is 
changed. For a steady level flight condition, the desired roll moment must equal zero and results in the 
IMU sensing roll disturbances only. Classical control theory of this type is widely used in aircraft systems. 
A control design engineer would typically modify the system to suit the aircraft and its mission. For 
example, the type and position of the controller is highly dependent on the dynamics of the aircraft 
system, the desired dynamics of control response and the levels of disturbance the aircraft encounters 
in flight. The design of the input/output transfer function, defining the control response dynamics, is 
also determined in this way.   
+ 
- 
Desired roll 
rate Aircraft Roll rate 
Controller Aircraft/Lateral 
Dynamics 
IMU 
Error 
Figure 69: Feedback control topology of a single loop roll-rate control system. 
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The TIR block has the ability to supply TIR moment signal to the error function. The steady level flight 
condition would require the input command to equal zero for a zero roll rate condition. If an 
oncoming disturbance is sensed by the pressure system, the disturbance box approximates a 
turbulence induced rolling moment not equal to zero which results in an error when fed to the error 
function. The controller reads the error and deflects the ailerons to produce a rolling moment equal 
and opposite to that measured by the pressure system.  
 
 
6.4.2 Requirements of transferring pressures to a TIR signal 
 
The disturbance block in figure 70 incorporates all requirements to transfer individual pressures, sensed 
on the wings, to a turbulence induced rolling moment signal that can be read by the error function, 
however the manner in which pressure is used to approximate rolling moment must be defined. A 
breakout of the disturbance box features in figure 71. 
  
+
- 
Desired Roll 
rate Aircraft Roll rate 
Controller Lateral 
Dynamics 
IMU 
Error 
TIR  
Figure 70: Control loop for rolling moment with pressure disturbance block 
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Pressure Transducers 
A/D conversion  
Tube calibration 
TIR Transfer function 
Pressure from wings 
• Interconnecting tube 
dimensions 
• Location of taps 
• Gains and constants 
• Roll Dynamics 
Error 
function 
P1 Pi 
Figure 71: Control loop for rolling moment with pressure disturbance block 
TIR moment 
PStatic 
PDynamic 
High pass filter 
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The TIR block process begins with the sensing of pressure on the wing to a bank of pressure transducers 
via interconnecting tubes. Differential pressure could be measured between static pressure and the 
pressure measured on the wing, thus a common static pressure links the reference side of each 
pressure diaphragm used throughout the system. The interconnecting tubes linking pressure taps to 
transducers are known to either amplify or attenuate specific frequencies. By applying the Berge and 
Tijdemann tube correction method, the frequency response of the tubing system can be calibrated to 
a flat frequency response for more accurate approximations of pressure (Fisher et al., 2012). The tube 
calibration block within the chain holds a transfer function to calibrate each tube as well as a gain 
function to resolve for pressure. If tubes are of the same length and diameter, a common transfer 
function can be applied to all interconnecting tubes, however differences in length and diameter 
result in individual transfer functions for each interconnecting tube.  The TIR transfer function mainly 
holds the mathematics described in chapter 5, transferring multiple channels of pressure taken on the 
wing into TIR. The inputs to the transfer function block are gain, addition and subtraction functions, 
which can be easily applied when programming a controller. The TIR block would also hold the 
transfer function to convert TIR into roll rate for a rate-based controller. The last block of the chain 
represents the high pass filter to supply TIR information above a set cross-over frequency to remove the 
sensing of low-frequency aircraft movements applied by either active or passive means. 
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6.5 Chapter discussion 
Using a strip of pressure taps on the suction and pressure surface of the wing at the associated 
optimum chord locations, pressure signals (the input) can be transferred into a usable disturbance 
term that allows for the signal to be implemented into a basic control topology. As demonstrated 
within this chapter, a modified strip theory can be used to resolve for lift at different sections across the 
span and resolved around the aircraft centerline. This can be non-dimentionalized and applied to the 
lateral equation of motion as a disturbance term. By assigning a simple steady level control case (Cl = 
0), turbulence can be counteracted by opposing rolling moment provided by aileron deflection. In a 
perfect system, accurate measurements of TIR would result in equal and opposing aileron deflections 
and would result in a wings level condition at all times. Due to the nature of sensing pressure and 
approximating TIR, errors within the system are likely and can cause opposing aileron deflections to be 
over or under deflected resulting in aircraft roll. As the system is based around pressure sensing, the 
system cannot sense a ground reference that other sensors are capable of doing (eg, IMU sensors) 
and thus cannot correct for its own errors. A secondary system must work in tandem with the 
turbulence mitigation system to address TIR approximations errors and subsequent errors of aileron 
deflection. This could be done by passive means using dihedral or pendulum stability to return the 
aircraft to nominally steady level flight at a low frequency response. Active approaches include a 
human in the loop, or an active control system with an IMU feedback sensor and controlling the low 
frequency roll response rate. Errors in TIR approximations can be reduced by increasing the number of 
span-wise pressure taps resulting in increased accuracy of span-wise lift distribution, however due to 
the size and scale limitations of MAV’s, only a limited number of span-wise pressure taps can be 
applied.  
 
Although the assumed errors within the turbulence mitigations system brings on uncertainties in the 
control system, it must be considered that relatively high frequency roll perturbations (f > 4Hz) induced 
by turbulence, are the more significant perturbation frequencies needed to be actively mitigated for 
in small aircraft. It should also be considered that as the scale of the MAV reduces or the speed 
increases, the frequencies at which the MAV responds to turbulence increases, which suggests a need 
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for a control system to react at higher frequencies. The idea of ‘feeling the air’ and using this for 
turbulence mitigation may prove advantageous in time-forward response as it is a direct measure of 
oncoming turbulence, the source of a roll perturbation, rather than correcting a roll perturbation 
sensed by an IMU. This can only be best confirmed through flight tests of the system. 
 
6.6 Chapter Conclusions 
 
1. Measurements from a series of span-wise pressure taps, on the suction and pressure surface of 
the wing, can be used to approximate semi-span-wise lifting segments and in turn can be 
resolved around the aircraft centerline deducing TIR moments.  
2. TIR moment can be non-dimentionalized and used as a new disturbance term within the 
lateral equation of motion associated with roll.  
3. A turbulence mitigation control law, where total aircraft roll moment is forced to zero, allows for 
TIR measurements to be counteracted by equal and opposite aileron deflection.  
4. TIR is considered to offer a time-forward response to a flight stability system as it directly 
measures turbulence, the source of the disturbance.  
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Chapter 7 
 Conclusions and recommendations 7
 
The main objectives of this thesis were inspired by nature’s flying creatures and their ability to feel the 
ambient air to actively and consciously correct for perturbations caused by low-altitude turbulence. 
The viability of bringing this biological concept into the mechanical form were addressed through the 
research objectives below: 
 
1. To understand how turbulence influences the aerodynamic coefficient and derivatives on 
thick cambered wings. 
 
2. To analyze the flow structure of a thick cambered wing under high angles of attack in order to 
understand further the fluid mechanics involved. 
 
3. To analyze the pressures around a wing to test the viability in using pressure as a control input. 
 
4. To evaluate whether an equivalent and opposing aileron deflection can be estimated using 
the pressures sensed on a MAV wing. 
 
5. To characterize a simple control system for active turbulence mitigation. 
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7.1 Thesis conclusions 
Using the RMIT Industrial Wind Tunnel as the main test bed for experiments, two turbulence conditions 
were passively generated using planar grids placed before the tunnel contraction. Two experimental 
methods were used to acquire data. A 6-DOF force balance provided the data required to evaluate 
change in MAV aerodynamics, while the pressure tapped wing allowed for the acquisition of time-
varying surface pressures. The major conclusions from this work are: 
 
1. Linear aerodynamics can be assumed for thick cambered airfoils exposed to low Reynolds 
number turbulent flows. Aerodynamic and control derivatives are not significantly influenced 
by the introduction of turbulent flow and can be neglected from aerodynamic 
characterization. Turbulence increases the lifting performance of a thick cambered wing, at 
low Reynolds numbers, by delaying the stall and increasing CLmax when compared to nominally 
smooth flow conditions.  
 
2. Free stream turbulence significantly reduced the influence of local flow mechanics such as 
LSB’s and wing tip vortices as the unsteady nature of the flow interrupts their development. 
Turbulent eddies, inherent within turbulent flow, influence the longitudinal flow vector relative 
to the wing at different span-wise locations. The variation in longitudinal flow vector skews the 
span-wise lift distribution across the wing inducing a turbulence induced roll. Under the high 
AOA’s, formation and burst of vortical cores occurs at random time intervals and is reliant on 
the longitudinal vector of oncoming flow. Vortical core mechanics are localized with random 
formations across a wing’s span. As such, a vortical core can develop and burst on a portion 
of the wing’s span independently at random points in time. Vortical core mechanics are 
unsteady and induce a downstream-traversing nature of the broad-low-pressure peak.  
 
3. Chord-wise integrated Cp can be estimated using a single pressure tap on a span-wise strip. 
Pressure taps between 1 and 50% of the chord correlate to integrated Cp with correlation 
coefficients greater than 60%. A specific chord-wise location of 14% holds maximum 
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correlation to integrated Cp with a correlation coefficient above 97% with steady coherence 
up to 25Hz and is considered the optimum location for integrated Cp estimates for the 
NACA2313 wing. The relationship between local and integrated Cp is linear and remains this 
way across the wing’s span. The relationship can also be defined through smooth flow 
experiments using a series of AOA step changes to formulate a linear trend between local and 
integrated Cp.  
 
4. Span-wise pressure distribution can be approximated using a series of pressure taps running 
along the wing’s span at the chord-wise location where local Cp optimally correlates to 
integrated Cp. Using strip theory, integrated Cp can be appropriately transposed into 
sectional lift and resolved around the aircraft centerline for rolling moment approximations. 
Turbulence induced rolling moment coefficient is realized and can be added to the lateral 
equations of motion as a disturbance term.  
 
5. By simplifying the lateral equation of motion for roll, a control law can be formulated to link TIR 
moment with aileron deflection. By driving the overall aircraft roll rate to equal zero, TIR 
information can be supplied to a control system to actively deflect the ailerons in an equal 
and opposite motion to a gust perturbing the aircraft in roll.  
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7.2 Recommendations 
As MAV’s become smaller, new and improved methods of flight correction are needed when they are 
flown through highly turbulent flows. Although turbulence becomes more significant as the scale of an 
aircraft reduces, nature’s flyers have shown the real possibility of controlled low-altitude atmospheric 
flight in high turbulence levels. Although this thesis displays one method inspired by nature’s flyers, 
continuing research may bring other concepts and in turn reduce the gap between mechanical and 
biological flyers. 
 
The work presented in this thesis provides a foundation of the ‘feeling the air’ concept where pressure 
wing pressure sensing can be used to measure turbulence induced roll. Further works are needed to 
verify the practical application of the system and measure its effectiveness in stabilizing MAV’s. 
Suggested works feature below. 
 
1. Experiments with various wing shapes and airfoil profiles are needed to understand what 
influences the chord-wise location of the most correlated local pressure tap to integrated Cp. 
The pressure tap at 14 and 17% X/c for the suction and pressure surface respectively were the 
locations where pressure taps held the highest correlation to integrated Cp for the NACA2313 
wing. A theoretical foundation for these locations could not be hypothesized based on the 
limited data set. Further experiments using various airfoils/wings shapes, Reynolds numbers and 
turbulence conditions may lead to further understanding on why maximum correlation exists at 
14% and 17% chord or whether it is sensitive to changes in airfoil geometry, Reynolds number or 
flow conditions.  
 
2. The linear relationship between local Cp and integrated Cp did not appear to be sensitive to 
span-wise location when tested in turbulent flow, however the most outboard pressure taps 
were placed at 125mm from the wing tip. Further experiments are needed to identify the 
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influence of wing tip vortices on the linear correlation between local and integrated Cp and 
identify a span-wise limit where the correlation is valid.  
 
3. The accuracy of TIR measurements is directly proportional to the number of span-wise pressure 
taps across a wingspan. The number of span-wise taps needed for the successful application 
of the TIR system must be determined. Further experiments are needed to understand the 
effectiveness of the TIR system relative to the number of pressure taps used across the span. It 
would also be beneficial to identify the minimum number of span-wise taps needed for the TIR 
system to successfully mitigate turbulence. This would include an error analysis to identify TIR 
approximation error and how this varies with the number of span-wise taps used to 
approximate TIR. 
 
4. It will be necessary to realize the turbulence mitigation system into hardware. The basic control 
topology of the TIR system has been defined, however the control theory must be 
implemented into a working control system suitable for MAV’s. This would include a lightweight 
pressure sensing module and a controller. Further work is needed on controller design and 
development to suit the TIR system. Controller type, position and response must be evaluated 
and modeled, as well as defining suitable transfer functions to resolve pressure measurements 
into a usable TIR signal that can be read into a controller for turbulence mitigating aileron 
deflections.  
 
5. The proposed turbulent mitigation system uses pressure sensing on the wing to output a TIR 
signal to the controller. It has been shown that it is logical to allow for the turbulence mitigation 
system to deal with high-frequency perturbations while leaving low-frequency perturbations to 
another active or passive stabilization system. Further research is needed to understand how 
the cross-over frequency can be defined and if it is sensitive to aircraft scale, speed, 
configuration and flow conditions or if a universal value could be used.  
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6. The concept of a turbulence mitigation system may be an advantageous method of 
mitigating turbulence, however the effectiveness of the system can only be evaluated through 
wind tunnel and flight experiments. As the system mainly deals with turbulence mitigation in roll, 
an experiment which restrains a MAV in all axes but roll, while exposing it to a replicated 
turbulent environment, will provide a suitable wind-tunnel testing platform to assess the 
effectiveness of the turbulence mitigation system. Other control systems could also be tested 
to measure and compare their roll control effectiveness to that of the turbulence mitigation 
system. Outdoor flight test must also be performed in highly turbulent environments to measure 
and compare aircraft response between no assisted control and assisted control from the 
turbulence mitigation system.   
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Appendix A 
 Force balance static calibration 1
The calibration of the JR3 6 DOF force balance was performed by applying force to 3 axes with the 
aid of known weights and a simple pulley system. Forces were applied to the x and y axes 
incrementally using the pulley system shown in figure 72 using thin string and a well lubricated pulley 
wheel. Calibration of the z-axis was done by incrementally placing weights on top of the active side of 
the force balance. To account for hysteresis effects, the weights were incrementally applied up to 
maximum for each axis and then removed incrementally to a fully unloaded condition. 
 
 
Figure 72: Static calibration of the JR3 force balance using simple pulley system with known weight’s 
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Input  Output  
Known Load(N) Fx (N) Fy (N) Fz (N) 
-7.7 -7.41 -7.65 -7.68 
-6.69 -6.37 -6.62 -6.65 
-4.44 -4.15 -4.45 -4.3 
0 0 0 0 
4.44 4.36 4.4 4.44 
6.69 6.64 6.52 6.7 
7.7 7.64 7.65 7.7 
Table 12: Tabulated results of known force and measured forces by the JR3 force balance. 
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Figure 73: Static calibration of the JR3 force balance with 95% confidence (error bars of 𝜀 ± 2𝜎) 
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Comparisons between applied and measured forces are shown in figure 73. A maximum bias error of 𝐹 ± 3% was measured between applied and measured forces and featured in the data relevant to 
the x-axis, the axis used for side-force measurements. The y and z axes (used for drag and lift 
measurements) displayed a maximum error of 𝐹 ± 1%.  Linearity was consistent throughout all axes 
tested with no obvious non-linear trends. All data was contained between error bars of 𝜀 ± 2𝜎 
providing a 95% confidence interval and was concluded sufficient for the purpose of time-averaged 
force measurements. 
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Appendix B 
 Consideration of errors 2
Two types of error are considered in this section. Precision errors and Bias errors and are defined by: 
 
• Precision errors - or repeatability errors, are those created by the inaccuracy of various 
adjustable parameters. For example, the AOA of the aircraft was manually adjusted by hand 
and was measured with a digital inclinometer accurate to  ±0.01 of a degree. This type of error 
is revealed when multiple repeats of an identical experiment are performed at different times 
(sometimes several days apart), to gather a confidence interval for the measured value.  
• Bias errors – are errors that are consistent and constant throughout measured data. These can 
only be measured through calibration. For example, applying a known load to a force 
balance and comparing it to the measured output value.  
 
Although bias and precision errors are considered, precision errors are assumed to be more 
significant due to the nature of experiments involving forces and pressures. The adjustment of AOA 
and readings of dynamic pressure, for non-dimensional coefficients, are assumed to be the cause 
of the majority of error in results and is considered significantly greater than what exists in bias 
errors.   
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2.1 Force balance error considerations 
 
 A repeatability study of forces obtained from the JR3 was done by an integration of the process shown 
in figure 74. 
 
Figure 74: Flow chart of force balance data acquisition for lifting forces 
Forces measured for each AOA was done incrementally using 5-degree step changes from -5 to 20 
degrees AOA. AOA was measured with a digital inclinometer accurate to ± 0.01 degrees while the 
wind tunnel was off. The JR3 force balance software featured a “zero offset function” to offset aircraft 
weight and was used before each wind tunnel. The wind tunnel was manually set to produce a flow 
velocity of 8ms-1 measured by a pitot static tube placed aft of the tunnel contraction. As the wind 
tunnel did not have a system governing flow velocity, readings of dynamic pressure were taken 
visually with fine adjustments of the tunnel speed controller to match a flow velocity of 8ms-1 (𝑞 = 39.3) 
for each test. Acquisition of force data was taken at a rate of 1250Hz for 3 minute’s. Longer samples 
were not required as the 3 minutes sample time provided enough data for the statistical evaluation of 
time-averaged aerodynamic coefficients. After each test, the tunnel was allowed to stop completely 
before the AOA of the aircraft was changed. A total of 6 AOA’s between -5 and 20 degrees were 
tested to complete CL vs AOA curve. The overall process was repeated 5 times with some tests 
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performed several days apart from each other and involved disassembly and reassembly of all test 
apparatus. Figure 75 displays the 5 repeated tests for CL, CD and Cm. The repeatability study was 
performed under a nominally smooth flow (Ti = 1.5%, clean tunnel configuration). 
 
  
 
Figure 75: Repeated data (X5) of CL, CD and Cm vs AOA under nominally smooth flow (Ti = 1.5%). 
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Figure 76: Averaged CL, CD and Cm vs AOA curve with error bars representing the STD of the repeated 
data for each AOA in nominally smooth flow (Ti = 1.2%). 
 
The repeatability study was done once again by repeating all tests under elevated levels of 
turbulence (Ti = 7.2%, Lxx = 0.21m). Results feature in figure 76.  
0	  
0.2	  
0.4	  
0.6	  
0.8	  
1	  
1.2	  
1.4	  
-­‐10	   -­‐5	   0	   5	   10	   15	   20	   25	  
N
on
	  d
im
en
ti
on
al
	  C
oe
f;i
ci
en
t	  
AOA	  Cl	   Cd	  
-­‐0.12	  -­‐0.1	  
-­‐0.08	  -­‐0.06	  
-­‐0.04	  -­‐0.02	  
0	  0.02	  
0.04	  
-­‐10	   -­‐5	   0	   5	   10	   15	   20	   25	  
N
on
	  d
im
en
ti
on
al
	  C
oe
f;i
ci
en
t	  
AOA	  
Cm	  
Ph.D. Thesis   
Matthew Marino 147 
  
 
Figure 77: Repeated data (X5) of CL, CD and Cm vs AOA under turbulent flow (Ti = 7%, Lxx = 0.21m).	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Figure 78: Averaged CL, CD and Cm vs AOA curve with error bars representing the STD of the repeated 
data for each AOA in turbulent flow (Ti = 7.2%, Lxx = 0.21m). 
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A table of force balance errors relating to lift, drag and moment coefficients features below.  
 
 Smooth flow (Ti=1.2%) Turbulent Flow (Ti=7.2%) 
 Max Average Max Average 
CL +/-1.5% +/-1.3% +/-2.6% +/-1.3% 
CD +/-0.5% +/-0.3% +/-0.5% +/-0.4% 
Cm +/-0.1% +/-1.5% +/-1.3% +/-1.3% 
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2.2 Pressure measurement error considerations 
Precision errors are assumed to be more significant than bias errors in this case due to the sensitivity 
between Cp profile and AOA accuracy. Errors in the calculation of pressure coefficient were 
measured by repeating tests at all AOA’s. An example of the repeated data features in figure 79.   
Each test was performed at different times with some tests done after a disassembly and reassembly 
of all apparatus required for the experiment. Standard deviations, across all X/c locations and AOA’s, 
were similar with maximum error of 𝐶𝑝 ± 3% and average error of 𝐶𝑝 ± 2.2% across each pressure tap. 
Error bars in each graph represent worst-case 95% confidence intervals.  
 
 
Figure 79: Repeated tests (x5) of Cp for the suction and pressure surface of the wing at AOA = 0 
degrees.  
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Figure 80: Error bars representing 95% confidence for time-averaged Cp’s for AOA’s between 0 and 20 
degrees.  
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Appendix C 
 Flat plate airfoil  3
 
 
Figure 81: Flat plate airfoil dimensions and pressure tap locations (units is millimeters) 
The flat plate wing design is well known and researched within the Reynolds numbers similar to those 
used on the NACA2313 wing (Mueller and DeLaurier, 2003). The flat plate airfoil was pressure tapped 
at various span-wise locations for other related works done by Ravi et al (2011). The data acquisition of 
Ph.D. Thesis   
Matthew Marino 153 
pressure was performed using location 3 at the airfoil centerline.  The airfoil was incased in a box 
structure with internal dimensions of 900x900mm figure 82. The dynamic pressure measurement system 
used on the flat-plate airfoil was identical to that used on the NACA2313 wing in this thesis, however 
the interconnecting tube lengths were considerably different and was accounted for in the dynamic 
calibration of the tubing system using the Berge and Tijdeman tube correction method (Berge and 
Tijdemen, 1965). Testing of the 2D airfoil was performed under identical experimental conditions to 
those featured within this thesis (Ravi, 2011).   For a more detailed overview of the airfoil, refer to PhD 
Thesis by Ravi et al (2011). 
 
 
Figure 82: Setup of the 2D airfoil within the RMIT Industrial Wind Tunnel(Ravi, 2011)   
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Appendix D 
 D.1 Coherence function 4
The coherence function used extensively throughout this defined by: 
 
𝐶!" = |𝑃!"|!𝑃!!𝑃!! 
Where Cxy is the magnitude squared coherence, Pxy is the cross power spectral density, and Pxx and 
Pyy are the individual power spectral densities of variables x and y. 
 
Pxy is regarded as the cross-power spectral density function of the discrete time signals x and y using 
Welchs average, modified periodogram method of spectral estimations. It is the distribution of power 
per unit frequency and is defined as: 
 
𝑃!"(𝑤) 𝑅!"(𝑚)𝑒!!"#!!!!!  
 
Rxy is the cross-correlation sequence between two discrete time signals defined as: 
 𝑅!" 𝑚 = 𝐸(𝑥!𝑦!!!∗ ) 
 
where xn and yn are jointly stationary random processes, −∞ < 𝑛 < ∞, and  E {· } is the expected value 
operator. 
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 D.2 Coherence sensitivity to sample 5
size 
 
 
Figure 83:  Coherence difference between a 5 and 15-minute sample time at 5 degrees AOA.  
Two coherence plots are shown in figure 83 and represent the coherence between the local pressure 
tap at 14% chord and integrated Cp at the inboard pressure module for two different sample lengths. 
The difference in coherence between the 5 and 15-minute sample are minimal up to 25Hz as both 
displayed an unsteady coherence above 0.9. Frequencies above 25Hz displayed increased 
coherence unsteadiness however the overall reduction trend remained nominally similar throughout 
the frequency range. As the coherence study is used to evaluate bands of frequencies where high 
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correlation exist, the accuracy of the coherence function is not unfavorable. It can be concluded by 
both coherence plots that correlations above 90% exist at frequencies up to 25Hz and serves its 
purpose in the correlation study. The similarities between the 5 and 15 minute sample give confidence 
in using 5 minute samples for coherence studies that feature in chapter 5.   
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